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Abstract 
Many brownfield sites are in-filled with material placed in an unengineered 
fashion, which has experienced little or no compaction. One of the major risks 
associated with the redevelopment of brownfield sites is the potential for collapse 
within this material, sometimes at depth, either during or after construction. For 
low-rise construction projects, deep foundations are generally not an 
economically viable solution. The use of a geosynthetic reinforced surface fill 
layer capable of bridging any void that may develop is potentially a more cost- 
effective solution in such cases. 
By means of a parametric numerical analysis study and a series of model tests, 
the research reported in this thesis examines the behaviour of a geosynthetic 
reinforced fill layer above a void. A finite element model has been developed to 
study the influence of a number of factors on such a system, including the 
construction sequence, the geometry of the void and the reinforced layer, the 
properties of the fill materials, the geosynthetic material properties, and the 
influence of a structure present at the fill surface. Model tests have been used to 
confirm the behavioural trends identified from the numerical analysis, and for 
validation purposes. 
The results of the analysis have been compared with predictions made using 
existing design guidance for this kind of soil structure, to assess the accuracy and 
limitations of these methodologies. Some significant short-comings in the design 
guidance are identified, and suggestions made to improve the advice available to 
practicing engineers. 
The principal mechanism by which a soil layer above a void resists collapse into 
the void is the formation of a soil arch within the soil above the void. Theoretical 
solutions for this phenomenon are available in the literature, and these too are 
assessed in light of the results of the analysis and model tests. 
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Chapter I 
Introduction 
At present around 20% of low-rise construction in Britain takes place on filled 
ground, with the Government aiming for some 60% of new housing to be 
constructed on brownfield sites within the next 30 years, accounting for some I 
million new homes. Most shallow foundation problems experienced on 
redeveloped brownfield sites with significant depths of fill are not linked to the 
weight of the building but are associated with ground movements due to other 
causes, and are often deep-seated. One cause of such movements is the collapse 
on inundation of partially saturated soils, either due to rising groundwater or 
infiltration. On the majority of brownfield sites the fill has experienced little or 
no compaction. Most poorly compacted fills will undergo a reduction in volume 
when inundated or submerged for the first time. These ground movements have 
the potential to become more significant as the fill depth increases, so 
remediation measures and larger foundations are needed. As a result, deep-filled 
sites are frequently not considered to be economically viable for redevelopment. 
Therefore the problems posed by the collapse potential of fills are of major 
significance, unless a cost-effective ground treatment and foundation design 
package can be found. 
One proposed solution involves the use of geosynthetics to reinforce surface 
layers and reduce the surface deformations due to deep-seated collapse. This 
project aims to prove and quantify the deformation reducing performance of 
geosynthetic s -reinforced surface layers. It is anticipated that the results could be 
used to improve existing design guidance and thereby render economically 
marginal sites more attractive for development. 
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1.1 Applications and design objectives 
Besides the redevelopment of brownfield sites with potentially collapsible soils, 
this same approach might be also used to mitigate the effects of potential 
subsidence in mining areas, or in karstic terrain. These are also situations in 
which a sudden collapse at depth will lead to the rapid development of a sinkhole 
at the ground surface, without any warning. In these cases, it may be possible to 
detect the existence of mines or karstic features using geophysical techniques or 
very thorough site investigation, in which case the size and position of the 
potential void will be known. Generally however, this is not the case and the 
design engineer must exercise some judgement in determining the likely size and 
shape of any sinkhole that may form. Usually this is based on historical 
knowledge of sinkhole development in the local area (e. g. Kempton (1992), 
Lawson et al (1994)). 
Even in those cases where the position and size of the void is known, if low-rise 
development is planned then the expense of treating these cavities (either by 
excavation, if they are shallow, pressure grouting, or piling around them) may 
not be justified. In such cases it may be sufficient to adopt a mitigation strategy, 
the intention of which is to prevent the catastrophic collapse of any structure or 
infrastructure built on such a site. The intention is not to prevent any damage 
occurring, merely to maintain the serviceability of the structure until such time as 
remediation measures can be employed. Where this approach is employed, the 
design usually involves developing a remediation strategy that can be deployed 
as soon as any deformation is observed, so that serviceability only needs to be 
maintained over a short period of time. 
The literature contains descriptions of a number of road and rail construction 
projects in which this approach has been adopted (e. g. Kempton (1992), Lawson 
et al (1994), Ast & Haberland (2002), Paul (2004)). In addition to those cases 
where a void might form in the subsoil, the advantages of creating a stiff surface 
layer to reduce differential surface settlements may also be of benefit on sites 
where the subsoil is of variable strength and stiffness. 
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1.2 Geosynthetic reinforced load transfer platforms 
The design concept involves constructing a layer of fill, reinforced with 
geosynthetic, along the surface of the potentially collapsible ground, or over any 
other terrain in which voids might forrn, as illustrated in Figure I. I. The 
geosynthetic reinforcement performs two 
functions. Firstly, it prevents the overlying ------ 
Fill layer 
fill material from falling into the cavity Potentially Geosynthefi. ý- i 
beneath - in this sense it acts as a 
collapsible subsoil 
membrane. If the reinforcement is of a grid- 
like formation, then some fine material may (a) Where no void exists 
fall through, but a significant proportion 
will be retained. Secondly, the strength of 
the overlying material is increased by the 
presence of the geosynthetic, because the 
movement of particles within the fill is Void 
restrained by the interaction between the fill 
and the geosynthetic. In these two ways, the (b) Where a void has formed 
geosynthetic modifies the behaviour of the Figure 1.1: Sketch illustrating 
overlying fill. As the overlying fill material 
basic design concept 
tries to move downwards into the void, under the influence of its own weight, it 
will try to arch over the void. This behaviour is enhanced by its increased 
strength due to the presence of the geosynthetic. The physical restraint provided 
by the membrane behaviour of the geosynthetic may also further encourage the 
arching within the fill, since this will provide some vertical support to the 
overlying fill. As a consequence of the arching behaviour, any vertical loads 
above the void (namely the self-weight of any overlying fill or subsoil, plus any 
surface loads) are transferred laterally to the more stable material on either side 
of the void. This is why such structures are called geosynthetic reinforced load 
transfer platforms (LTP). 
For the purpose of design, there are two primary considerations. The first is the 
deformation and stress level that the geosynthetic will experience in the event of 
a void forining, which must be determined to allow the selection of a suitable 
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geosynthetie reinforcement material. Secondly, the damage to any structure, or 
infrastructure, constructed on such a site will depend on the pattern of surface 
settlements, so these must also be established. Design guidance for such 
structures exists already within the literature (British Standard BS8006: 1995, 
Giroud el al (1990), Blivet et al (2002)). These design methods all make 
different assumptions about the behaviour of various parts of the system, and 
therefore a study to investigate thoroughly the behaviour of a geosynthetic 
reinforced fill LTP is warranted, with a view to ascertaining the most appropriate 
guidance for designing such a system. 
1.3 Research objectives 
The primary objective of this research project is to gain a more comprehensive 
insight into the mechanisms involved in preventing the collapse of a geosynthetic 
reinforced fill LTP. This may be achieved by conducting a systematic study in 
which the properties of each component in the system are varied independently. 
The consequences of altering each of these variables may then be assessed. 
Secondly, once the behaviour is better understood the existing design guidance 
for a geosynthetic reinforced fill LTP must be reviewed in light of these findings. 
The most appropriate approach to design may then be determined, and/or any 
amendments to the existing design guidance made. 
Thirdly, since the aim of improving the ground conditions in this way is to 
enable the redevelopment of sites with a risk of sinkhole fori-nation, primarily for 
low-rise residential purposes, the possible damage to any surface structure in the 
event of a void forming is considered to be within the scope of this project. 
However this problem is complex, as the presence of a structure will modify the 
stress regime in the ground and therefore may influence the behaviour of the 
geosynthetic reinforced fill LTP, in addition to the structure being affected by the 
behaviour of the reinforced fill layer. A relatively simple approach is adopted in 
this study, purely to provide an indication of the most likely type and level of 
damage. 
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It should be noted from the outset that for the purposes of this study, it is 
assumed that remedial action would be taken almost immediately if a void should 
form in the subsoil. In the long-term, geosynthetic materials have a propensity to 
continue to deform under sustained loading (Jones, 1995), which could have 
severe implications for the performance of a geosynthetic reinforced fill load 
transfer platform. In addition, environmental effects may lead to the degradation 
of polymer materials. Koerner (2005) observes that polyethylene and 
polypropylene are particularly susceptible to oxidation, while polyester is highly 
susceptible to damage by hydrolysis. If the geosynthetic reinforced fill LTP were 
expected to bridge the void and support any surface structures for any significant 
amount of time, these effects would need to be considered. Since this is not 
expected to be the case, the consequences of creep and degradation of the 
geosynthetic material are not considered within the scope of this thesis. 
1.4 Approach to research 
Clearly the interaction of the components in a geosynthetic reinforced fill LTP is 
complex, and so an ideal tool for investigating the behaviour of such a system is 
finite element analysis, since the results clearly show the distribution of stresses 
and strains within all of the materials involved. It is also simple to vary one 
material parameter at a time to assess the influence of each aspect of behaviour 
of each component in the system, thereby investigating the behaviour of the 
system in a systematic manner. Consequently the Imperial College Finite 
Element Program (ICFEP), Potts & Zdravkovic (1999), is used in this research. 
However creating a model using numerical analysis involves making certain 
assumptions about the behaviour of the soil materials and the geosynthetic, 
related to the finite element formulation and the constitutive models used to 
represent the material behaviour. A case history involving a geosynthetic 
reinforced embankment has been evaluated using ICFEP in order to assess the 
suitability of the approach chosen to model the geosynthetic reinforcement. As 
the results reproduce the behaviour seen in the field, it may be concluded that the 
geosynthetic is being modelled in an appropriate manner in the finite element 
analysis. In order to justify the results of the numerical analysis in the event of a 
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void forming beneath the embankment, a series of model tests have been 
undertaken in the laboratory. By recreating these tests numerically using ICFEP, 
it is possible to reproduce the results of the model tests, thereby validating this 
approach. These model tests also provide a means of assessing the accuracy of 
the final design method derived from the results of the finite element analysis. 
1.5 Layout of thesis 
This thesis presents the research project outlined above in the following manner: 
* Chapter 2 contains a review of the available literature, describing the 
nature of geosynthetic materials, some case histories where geosynthetic 
reinforced fill load transfer platforrns have been constructed, previous 
experiments and analysis that have been undertaken to improve our 
understanding of the behaviour of reinforced fill load transfer platforms, 
and the existing design guidance for such systems. Previous work to 
assess the influence of a structure at ground level is also reviewed. From 
this review, it is seen that soil arching is a crucial aspect in determining 
the behaviour of a geosynthetic reinforced fill LTP, and consequently a 
review of some of the different soil arching theories available in the 
literature is included. The key points to consider in assessing the 
behaviour of a geosynthetic reinforced fill UP are identified. 
* Chapter 3 describes in more detail the approach taken to undertaking this 
research project. The finite element method is introduced, and the 
constitutive models used to represent the different materials in the 
geosynthetic reinforced fill LTP are described. The assumptions involved 
in this process are identified. In addition, the process by which the chosen 
approach to modelling has been validated is described. 
* Chapter 4 concerns the validation of the finite element method, assessing 
the suitability of this technique for modelling a geosynthetic reinforced 
fill LTP. In it, the analysis of some case histories of geosynthetic 
reinforced embankments on soft ground are described, along with the 
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model tests undertaken in the laboratory, and the numerical simulation of 
these tests using lCFEP. 
Chapter 5 presents the parametric study undertaken using ICFEP that 
forms the major component of this research project. The numerical model 
created for this task is described, and then each variable that is altered 
during the course of the parametric study is considered separately, along 
with the consequences of altering that variable. The variables include the 
size and shape of the void, the thickness of the fill layer, and the material 
parameters describing the properties of the fill and the geosynthetic. This 
chapter also includes analyses in which the soil arch is destroyed, as a 
means of assessing the implications of such an event for the stability of a 
geosynthetic reinforced fill LTP, and also a parametric study undertaken 
to investigate the consequences of void formation on a structure present 
at the ground surface, in which the size and shape of the building and its 
position relative to the void are altered. As a consequence of these 
analyses, those variables which influence the behaviour of a geosynthetic 
reinforced fill LTP are identified. 
Chapter 6 reviews the existing design guidance in light of the results of 
the parametric study. The key aspects of behaviour identified in Chapter 2 
are assessed, and the results of the finite element analysis are compared 
with the recommendations made in the existing design guidance. It is then 
possible to establish which, if any, of the currently available guidance is 
the most accurate. Where the existing guidance is found to be flawed, 
new approaches are developed. 
Chapter 7 translates the findings of Chapter 6 into a new design method. 
The proposed method is then used to predict the results of the model tests 
performed in the laboratory that are described in Chapter 4, and the 
results of the ICFEP analysis, and compared with the predictions made 
using the other, earlier design methods. 
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* Chapter 8 draws the conclusions that may be made from this research 
project, and some suggestions are made for further research related to the 
same topic that may resolve some of the issues that arise as a result of this 
study. 
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Chapter 2 
Literature Review 
The practice of reinforcing poor soils, by means of adding materials with 
properties that would enhance the behaviour of the soil itself, has been in use for 
as long as historical records can remember. According to Koerner (2005), the 
first use of a fabric to reinforce a roadway was in 1926 when the technique was 
adopted by the South Carolina Highway Department. This trial was successful 
and since then the role and range of available geosynthetic materials has 
diversified enormously. 
This chapter describes in detail the particular design scenario that occupies the 
rest of this thesis. The basic properties of geosynthetic materials are reviewed, 
and those materials that are of particular interest are identified. The details and 
results of both experimental testing and numerical analyses that are available in 
the literature are described. The current available design guidance is explained, 
and the differences between them are evaluated. It is seen that soil arching is a 
critical component in the stability of such systems, and so the literature on this 
phenomenon is also reviewed. The possible influence of any structure on the 
ground surface is addressed, before a detailed summary pulling together the 
infori-nation from all of these separate avenues is presented. 
2.1 Design Scenario 
The particular application of geogrid reinforced soil which is to be considered in 
this thesis is that of a load transfer platform above a potentially collapsible soil. 
As described in Chapter 1, this could be a design consideration when re- 
developing brownfield sites with significant depths of unengineered fill, or in 
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areas of previous mining, or in karstic areas, for example. In this situation, a 
layer of geogrid reinforced soil is created above the problem ground. Should any 
deep-seated collapse occur in the underlying material, and attempt to propagate 
to the surface, there are three ways in which this reinforced layer may respond, 
which were identified by Giroud et al (1988), and which are shown in Figure 2.1. 
With reference to Figure 2.1, in case (a), where the geosynthetic lies along the 
defonned surface of the underlying soil, it will have no effect at all. In case (c) it 
fails. These two cases are therefore to be designed against. The design case to be 
considered is shown in (b), where the geosynthetic reinforced layer bridges the 
void. 
Figure 2 1: Illustration of the possible behaviour of the geosynthetic in a 
geosynthetic reinforced load transfer platform in the event of a voidjorming 
beneath it (after Giroud et al, 1988) 
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(a) Geosynthetic lies along void 
(b) Geosynthetic bridges the void 
(c) Geosynthetic ruptures 
Bonaparte & Berg (1987) subdivide this design scenario into two further 
categories: (i) design to resist complete collapse into the void while accepting 
loss of serviceability; and (Ii) design to limit deformations so as to maintain 
serviceability of the structure over the void. The critical points to consider in the 
design of such a structure are the shape taken by the deflected geosynthetic, the 
benefits due to the formation of any soil arch in the fill above the geosynthetic, 
the shape of the subsiding soil mass above the void, and the resulting surface 
settlements. Emphasis is placed on these aspects for all of the results presented in 
this chapter. 
A number of case histories exist in the literature illustrating the range of 
situations in which such a structure might be built. These examples have all been 
constructed with a view to preventing a catastrophic collapse in the short-term, 
but with a remediation strategy in place such that if the design collapse should 
occur beneath the geogrid-reinforced layer, a long-term solution will be 
implemented within a specified time frame. Thus in none of the cases described 
below is the geogrid expected to support the overlying structure in the long terin. 
The first such structure to be built is described by Bonaparte & Berg (1987), and 
was built to bridge a funnel shaped sinkhole, 12m wide at the ground surface, 
which had developed beneath the Vera Cruz Road in Upper Saucon Township, 
Lehigh County, Pennsylvania. Sinkhole development is a regular occurrence in 
this area, and is attributed to the seepage of perched groundwater and surface 
run-off down to and through the jointed dolomitic bedrock beneath, thereby 
softening and eroding the joint material. This phenomenon has been adversely 
affected by human activity in the area, including the re-routing of a surface 
stream and a 60-100m drop in the water table due to groundwater pumping for a 
local zinc mine. 
In the UK, geosynthetic reinforcement has been used to reinforce road 
embankments in a variety of locations, such as the Edinburgh City Bypass at 
Straiton (Cook, 1989), the A494 Mold Bypass in Clwyd, North Wales (Kempton, 
1992), and the A61 Ripon Bypass in North Yorkshire (Lawson et al (1994) and 
Kempton et al (1996)). The first two of these projects were located in areas of 
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previous mining activity, and the third was underlain by soluble gypsum, in 
which karstic features develop. In this last case the design will support the 
roadway over voids of up to 10m diameter. 
A number of road construction projects incorporating geosynthetic reinforced 
embankments to mitigate the risks of sudden void formation that have been 
undertaken in France and Germany are listed by Bruhier & Sobolewski (2000). 
These include the reconstruction of the Federal road B180 in Neckendorf, near 
Eisleben, Germany, which is also described by Paul (2004), after the original 
road was destroyed by a void that was 8m wide and 30m deep, and which is 
shown in Figure 2.2. This sinkhole was induced by the presence of karstic 
material beneath. Other 
projects include the A29 
motorway from Le Havre to 
East Yvetot and the A20 at 
Chdteroux in France, both of 
which pass through karstic 
terrain, and the Zeitz-Theissen 
Bypass in Germany, a 460m 
long section of which 
traverses an area of previous 
Figure 2.2: Sinkhole destroying the B180 
near Eisleben (after Paul, 2004) 
mining activity. Finally Ast & 
Haberland (2002) report the design and construction of a cement-stabilised soil 
block reinforced with a high strength geogrid, to support a new eight-track 
railway line in an area with previous mining history between Halle and Leipzig 
in Germany. Voids of up to 4m in diameter are known to occur without any 
warning in this area. 
2.2 Overview of geosynthetic materials 
In BS EN ISO 10318: 2005, a geosynthetic is defined as follows: 
geosynthetic - generic term describing a product, at least one of whose 
components is made from a synthetic or natural polymer, in the form of a 
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sheet, a strip or a three-dimensional structure, used in contact with soil 
and/or other materials in geotechnical and civil engineering applications. 
Koerner (2005) divides geosynthetics into eight different categories, which may 
be associated with five main functions, which are summarised in Table 2.1 
below. Of these, of principal interest in the development of this thesis is the use 
of geosynthetic materials for the purpose of reinforcement. Geotextiles, which 
are woven or matted (non-woven) textiles in the traditional sense but made from 
synthetic fibres, and geogrids, which are discussed in more detail below, are 
therefore the two fonns of geosynthetic of interest. Although geocomposites (a 
combination of other geosynthetic materials designed to expand their range of 
applications) can be used for this purpose, it is the geotextile or geogrid 
component of them that will do the reinforcing. 
Type of Primary Function is to: 
geosynthetic Separate Reinforce Filter Drain Contain 
Geotextile 
Geogrid 
Geonet 
Geomembrane 
GCL 
Geopipe 
Geofoam 
Geocomposite 
Table 2.1: Identification of th e usual primaryfunction for each type of 
geosynthetic (after Koerner, 2005) 
Of the multitude of geosynthetic products available, geogrids are by far the most 
commonly used for the purpose of soil reinforcement. These are made of plastics 
which have been formed into a very open, grid-like configuration with large 
apertures. The grid is formed by longitudinal (i. e. in the machine direction, or the 
direction of manufacture) and transverse (i. e. orthogonal to the longitudinal) ribs, 
which meet at junctions. Geogrids can be manufactured in a number of ways. 
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Some are formed by a tensile drawing process, so that the junctions are 
continuous with the ribs, but junctions can be formed by a number of other 
means if necessary. These means include the ultrasonic or melt-bonding of 
continuous intersecting strips, and using woven strips that are knitted together at 
the junctions. The behaviour of the geogrid depends on the behaviour of both the 
ribs and the junctions. Generally, the longitudinal and transverse characteristics 
of a geogrid's behaviour are different. 
There is currently a wide range of geogrid materials available commercially, with 
vastly differing properties. This versatility is illustrated in Table 2.2 below, 
which surnmarises the range of geogrid properties cited in specification guides. 
The values given are taken from both the GFR Engineering Solutions 2004 
Specifier's Guide (for North America) and the Geosynthetics Directory 
2004/2005 (for Europe). The final column in Table 2.2 gives typical values, 
those seen most frequently in the specifier's guides, for comparison with the 
maximum and minimum values. 
GEOGRID PROPERTY MAXIMUM MINIMUM TYPICAL 
Mass per unit area (g /m 
3) 3790 120 300 
Thickness under 2 kPa normal load 
(mm) 
10.0 0.8 5.0 
Ultimate tensile Longitudinal 1350 13 100 
strength (kN/m) Transverse 200 7.8 30 
Tensile strength at Longitudinal 500 3.6 30 
5% strain (kN/m) Transverse 90 1.8 20 
Table 2.2: Typical properties of geogrids 
2.3 Relevant design properties of geosynthetic materials 
2.3.1 Short-term properties of geosynthetic materials 
The tensile properties of geosynthetic materials relevant to reinforcement design 
were identified by Bonaparte & Berg (1987), and are illustrated in Figure 2.3 
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These tensile properties can be determined using the ASTM wide-width strip test 
method (D4595-86). They include: 
9 Tensile strength - the maximum 
resistance to deformation when 
ENSILE STRENGTH 
F 
subjected to tension by an external 
force, kN/m (point F in Figure 2.3); 
Secant tensile stiffness - the ratio of B 
the change in tensile force per unit 
U, 
15 
width to change in strain between 
/ 
the origin and any other point on a I 
ISTRAIN 
AT OR A E ýA- /i L - 0AC 
force per unit width strain curve, STRAIN, e 
kN/m (for example, equal to OD Figure 2.3: Definition of 
divided by OC in Figure 2.3); and geosynthetic material 
property terms (after Strain at rupture (point E in Figure Bonaparte & Berg, -7987) 
2.3). 
I 
Figure 2.4: Comparison of the 
load-extension characteristics 
of common geotextile polymer 
materials with those of 
prestressing steel (after 
Kempton, -1992) 
To illustrate the ductile nature of 
geosynthetic materials, the chart in 
Figure 2.4 compares the load-extension 
characteristics of the common polymer 
types used in geotextiles, with those of 
prestressing steel. It can be seen that 
there is enon-nous variability in the 
stress-strain response of geosynthetic 
materials, depending on the polymer 
type chosen. Although some 
polyaramid fibres can be stronger than 
prestressed steel tendons, they are 
seldom used because of their cost. The 
use of a suitably stiff geosynthetic 
material is necessary so that the 
required force can be mobilised at a 
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Extension 
tensile strain which is compatible with the deformation of the soil (Jones, 1995). 
This is because the concept of strain compatibility between the reinforced soil 
and the soil is implicit in the design of most reinforced soil structures. 
2.4 Experimental studies 
A number of full-scale and model tests have been undertaken by various 
researchers to investigate the behaviour of a geosynthetic-reinforced fill layer 
above a void. For clarity they are described separately and then the results are 
compared at the end of this section. 
In addition to the tests described here, a series of 16 full-scale tests have also 
been undertaken by Kinney (1988), however Kinney's purpose was to 
demonstrate the feasibility of such systems rather than to investigate the 
influence of different parameters on the behaviour of the system as a whole. 
Therefore he only presents some of his results, since more than half of the tests 
were constructed 'for demonstration purposes only'. The parameters were also 
not varied in any systematic way, and consequently it is not possible to extract 
any behavioural trends from the results he does present. He did however, succeed 
in demonstrating that it was possible to span voids up to 8ft (or 2.7m) wide with 
geosynthetic materials that were commercially available at the time. 
Three full-scale tests were performed by Schwerdt et al (2004) to investigate the 
performance of a geosynthetic reinforced fill layer above a void when subjected 
to dynamic loads. They varied the strength of the geogrid material, the number of 
layers of geogrid, and the thickness of the fill layer. Their findings comfirm those 
of other researchers, whose work is presented here. 
2.4.1 Neogi (1991) 
Four tests were undertaken in the laboratory using a strongbox measuring 24 feet 
long, by 2 feet wide and 2 feet deep. The middle 6 foot long section of the base 
of this box incorporated a trapdoor mechanism. After filling the box, a loading 
plate was positioned on the surface of the fill, and uniform surface loads were 
applied by means of a hydraulic jack. 
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Two different types of geogrid were used in the tests, with between one and three 
layers installed at 6 inch spacings. Geotextile pieces were placed over the bottom 
layer of geogrid in order to retain the fill material during the test, but will also 
have had the effect of preventing the fill material from interlocking fully into the 
geogrid. Geogrids A and B had ultimate tensile strengths of 6,000lbs/ft, and 
1,970lbs/ft respectively. The test programme is summarised in Table 2.3. After 
the geogrid and fill material, sand, had been placed and compacted, the loading 
plate was positioned and then the trapdoor was opened. Surface loads were then 
applied and measurements taken. 
The horizontal and vertical deflections of various points on the geogrid were 
measured by means of attached wires protruding from the sides of the box, or 
through slits cut into the trapdoor for this purpose. Surface deflections were 
measured using a reference string and an ordinary scale. The results are 
summarised in Table 2.3, where d is the maximum vertical deflection of the 
lowest layer of geogrid, and is the maximum strain measured in a geogrid 
layer. All of these tests were conducted with the same fill height H of 2ft, and 
void width D of 6ft, so the ratio HID = 0.33 in all of Neogi's tests. 
Test Geogrid No. of Applied load, d, in (cm) 
layers lbs (N) 
I A 1 1500(68.0) 10.13 (25.7) 1.86 
1.10 (bottom) 
2 A 2 1500 (68.0) 9.02(22.9) 
- (top) 
3.43 (bottom) 
3 B 2 600(27.2) 11.00 (27.9) 
3.13 (top) 
2.74 (bottom) 
4 B 3 1500(68.0) 10.50 (26.7) 1.90 (middle) 
1.42 (top) 
Table 2.3: Summary of testprogramme and results, after Neogi (1999) 
It was found that the maximum displacement of the geogrid and the strain 
developed in the geogrid are both functions of the total load over the void (i. e. 
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the weight of fill material plus any surcharge load). It was also found that the 
strain developed in a geogrid layer decreases as the number of geogrid layers 
increases; the strains developed were seen to be smaller in the uppermost geogrid 
and to increase progressively in the layers beneath. The deflection of the lowest 
geogrid reduced as the number of geogrid layers increased, and Neogi (1991) 
also concluded that a circular arc was a reasonable approximation to the 
deflected shape of the geogrid. 
2.4.2 Bridle, Barr and Jenner (1994) 
A series of full-scale tests was undertaken to investigate the use of geogrids to 
provide protection against sudden collapse of surfaces in lightly loaded areas, 
such as landscaped recreation areas, footpaths, car parks and local access roads. 
Full details of the test procedure are given and are summarised below, however 
the full set of results is not presented. Instead the purpose of this paper is to 
review just one aspect of the geogrid's behaviour, namely creep, since the results 
relating to this aspect were unexpected. 
The test bed was 8m by 8m in plan, 1.2m high, and filled with compacted sand. 
One or two layers of geogrid were then placed beneath 600mm of compacted 
aggregate (in those cases where two layers of geogrid were used, the upper layer 
was 150mm above the lower layer, and 450mm below the surface of the 
aggregate). Three strips of geogrid were needed in each layer to cover the test 
bed - at joins these were overlapped by 300mm and each edge was braided. 
Finally a surcharge of 5kN/M 2 was applied uniformly at the surface. Circular 
voids of either 3m or 5m diameter were then formed in a controlled manner in 
the centre of the test bed, using a combination of water-jetting and hand tools. 
These voids were edged with blockwork to keep the edges vertical. The use of 
the same fill height H of 600mm in all of the tests means that two HID ratios 
were considered in these tests; 0.2 and 0.12 for the cases where the void 
diameters, D, are 3m and 5m respectively. 
Specially developed strain gauges were attached to the geogrids above the void, 
radiating outwards from the centre along two orthogonal radii. The strains were 
monitored during the formation of the void, and for up to 4 days afterwards to 
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record the development of any creep. It was found that where two layers of 
geogrid were used, the strains were smaller in the upper geognd. These strains 
developed gradually during the forination of the void, but did not change 
significantly in the next few days, indicating a small or negligible amount of 
creep. In one case, at the centre of the lower layer of geogrid, the strain at the end 
of void formation was 4%, and this did not change at all in the next two days. 
Bridle et al (1994) make the observation that in-isolation sustained load tests 
performed in the laboratory on the same geogrid material had demonstrated that 
if the initial strain was 4%, this would increase to 7% over a 24 hour period. 
They suggest that the most likely reason for the lack of creep observed in the 
field tests was the interlock mechanism between the aggregate and the geogrid, 
which has the effect of stiffening the geogrid. 
2.4.3 RAFAEL test programme 
The RAFAEL (Renforcement des Assises Ferroviaires et Autorouti&res contre 
les Effrondrements Localis6s - reinforcement of railway and motorway 
foundations against localised subsidence) research programme, reported by 
Gourc et al (1999), Blivet et al (2002) and Villard et al (2000), was initiated to 
investigate the efficiency of geosynthetic-reinforced embankments over voids, to 
determine failure mechanisms, and to provide reference tests for determining a 
design method. The programme incorporated seven full-scale tests on railway 
and motorway structures, which included traffic loading. 
In all of these tests, a circular void was created beneath the embankment. 
Artificial cavities between 2 and 4m in diameter were initially filled with clay 
beads. One or two geotextile sheets of different stiffnesses were then used to 
reinforce a 1.5m high embankment beneath either a road or railway. The details 
of these tests are given in Table 2.4. For the four railway tests, SNCFI to 
SNCF4, a conventional track structure (ballast, concrete sleepers and rails) was 
constructed so that trains could pass over. However no surfacing was used in the 
three road tests (SCETI to SCET3) in order that the surface deformations could 
be more easily assessed. The locallsed sinkholes were simulated by pumping out 
the clay beads from the cavities. Measurements were then made of the 
geosynthetic strains and deformations, displacements within the fill, and the 
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surface settlements. These are also shown in Table 2.4. The symbols used in 
Table 2.4 are illustrated in Figure 2.5; in addition J is the tensile modulus of the 
geotextile and TI, is its failure strength. 
d, 
.......... ... ............ 
d 
Figure Z5: Geometry used to describe 
tests (after Blivet et al, 2002) 
Test D (m) HID J (kN/m) 
T. It 
(kN/m) 
d, (m) d (m) 
SCETI 2 0.75 1818 200 0.0 0.22 
SCET2 4 0.375 1818 200 0.25 >0.6 
SCET3 4 0.375 3600 230 0.25 0.48 
SNCFI 2 0.75 455 50 0.0 0.26 
SNCF2 4 0.375 1818 200 0.1 >0.5 
SNCF3 4 0.375 2xI818 2x2OO 0.1 >0.5 
SNCF4 2 0.75 1818 200 0.0 0.2 
Table 24: RAFAEL test programme (after Blivet et al, 2002) 
For a given void diameter, these results are fairly consistent and seem to be 
independent of whether the test was a road or rail test. Where the void diameter 
is 2m, a stable arch was seen to form and there were no measurable surface 
deflections. However, when the void diameter is 4m, the fill material completely 
collapses onto the reinforcement either after the void had been emptied or during 
the trafficability tests. The measured surface settlements still seem to be 
surprisingly small in these cases. 
Using a lower stiffness geosynthetic seems to have only a minor effect in the 
event of a stable arch forming (comparing SCET I with SNCF I- increasing J by 
a factor of 4 produces a difference of less than 20% in geosynthetic deflection). 
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However in less stable situations the tensile stiffness of the geosynthetic can 
make the difference between total and partial collapse, for example in the case of 
SCET2 and SCET3. 
These results also indicate that there is no benefit in increasing the number of 
layers of reinforcement - comparison of tests SNCF2 and SNCF3 does not show 
any difference in results, even though SNCF3 had two layers of the same 
geosynthetic as SNCF2, and therefore double the stiffness. Gourc et al (1999) 
suggest that this is because the embedment of the upper layer of geosynthetic in 
the fill material creates a discontinuity in the fill, which prevents the formation of 
a soil arch. Comparing the results of SNCF3 with SCET3, which incorporated a 
single layer of reinforcement with the same combined stiffness of the two sheets 
used in SNCF3, demonstrates that the stiffer single layer of geosynthetic 
performed better. 
Gourc et al (1999) conclude that the phenomena of sinkhole and arch formation 
are closely linked to the ratio between the void diameter and the height of the fill, 
HID. They also suggest that parameters such as the characteristics of the fill 
material, the geosynthetic stiffness, or the use of more than one layer of 
reinforcement are likely to significantly affect these phenomena. In addition, 
Blivet et al (2002) observe that the area affected by subsidence is limited to the 
cylinder of soil directly above the void. 
The structural design method derived from these experiments is described in 
Section 2.6.3 of this thesis. 
2.4.4 Viana & Bueno (2002) 
A series of model tests were undertaken in the laboratory using a small test tank 
made of steel that was 1500mm long, 700mm wide and 500mm deep. Across the 
base of this test tank was a yielding trapdoor, 100mm wide by 650mm long. 
Therefore once the box had been filled, the HID ratio was 5. Geosynthetic 
material was placed in the bottom of the tank, and then covered with a layer of 
compacted fill. The bottom of the test tank was instrumented with earth pressure 
cells, and it was possible to access the geosynthetic sheet to observe its 
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deformation. After the fill had been placed, the top of the test tank was sealed, 
and it was possible to apply a uniform surcharge to the fill surface using an air 
bag. Two different fill materials were used in these tests; a pure sand, and a fine 
sandy soil with 15% clay. 
An unreinforced test was performed using the pure sand as the fill material where 
the trapdoor was lowered after the full construction of the fill layer. The load cell 
attached to the trapdoor showed a clear drop-off in the vertical stress (to just 10% 
of the full self-weight of the soil and surcharge) at this location as the trapdoor 
was lowered, while there was a slight increase in the vertical stresses measured 
80 ------------------------------- elsewhere in the box, 
-IIIII Cell CCK) which is indicative of the Cell C01 
A Cell 
qCO2 
00 "I 
L___ :_ 
development of a load 
60 ------- F- -r ------ I transfer mechanism such 
cu 
as a soil arch. This is 
shown in Figure 2.6, in U) Q) 40 ------L-----L----- 
which cell COO is the cell 
U) attached to the centre of 
2 
20 ---------------- the trapdoor and cells 
COI and C02 are 
attached to the base of 
0 the box 100mm and 
0 0.1 0.2 0.3 0.4 0.5 
Vertical displacement of trapdoor (mm) 200mm respectively 
Figure 2.6: Vertical stresses during lowering of beyond the edge of the 
trapdoor in unreinforced test (after Viana & 
Bueno, 2002) trapdoor. 
For the reinforced tests, the trapdoor was lowered before the fill layer was 
placed. Viana & Bueno (2002) found that the majority of the geosynthetic 
deflection occurred during the placement of the first two or three layers of the fill 
material, and thereafter remained constant as the overburden load and then the 
applied surcharge increased. This suggests again the development of a soil arch 
after the placement of the first two or three layers, capable of supporting the 
additional weight of material placed and any surcharge. The deflected shape of 
the geosynthetic was found to be very well approximated by a parabola. 
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2.4.5 Comments on experimental studies 
A wide variety of tests undertaken by different researchers have been described 
above. As stated previously, the key points to consider are the deflected shape of 
the geosynthetic, the presence of any soil arching and the conditions under which 
an arch will form, the shape of the subsided soil mass and the surface 
settlements. 
2.4.5.1 Shape of deflected geosynthetic 
Two of these sets of researchers attempted to identify the deflected shape of the 
geosynthetic - Neogi (1991) suggested that a circular arc was a reasonable 
approximation whilst Viana & Bueno (2002) preferred a parabolic form. 
2.4.5.2 Soil arching 
Although Neogi (1991) asserts that the maximum deflection of and strain 
induced in the geosynthetic are functions of the total applied load (i. e. the weight 
of the fill material and any surcharge load), the RAFAEL research team, Viana & 
Bueno (2002) and Schwerdt et al (2004) all demonstrated that under certain 
conditions a soil arch will form that will carry any flifther load applied, 
transferring it away from the geosynthetic above the void, which will therefore 
not experience any further deflection or strain. These researchers all identify the 
ratio of the fill height to the width of the void as a governing factor in the 
formation of such a soil arch, with this ratio needing to be sufficiently high in 
order for a stable arch to form. This is actually consistent with Neogi's results, 
since his tests were performed for a very low HID ratio of 0.33. It would appear 
that the value of HID need not be especially high - the RAFAEL research team 
found stable arches when HID was just 0.75. 
Other parameters that the RAFAEL research team suggest will have a significant 
effect on the behaviour of such a system are the properties of the fill material, the 
tensile stiffness of the geosynthetic, and the use of multiple layers of 
reinforcement. The work of both Neogi (199 1) and Schwerdt et al (2004) does 
indeed demonstrate measurable benefits in terms of reduced deflections and 
strains in the geosynthetic, and the formation of a more stable arch, when more 
than one layer of geosynthetic reinforcement is employed. In contrast, Gourc et 
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al (1999) found that the test they perfon-ned using two layers of reinforcement 
performed worse than a single layer of reinforcement of the same stiffness. 
Although Bridle et al (1994) undertook some tests involving multiple layers of 
reinforcement, they do not present any comparable results that make it possible 
to determine whether or not they obtained any benefit from doing so. 
2.4.5.3 Shape ofzone ofsubsidence 
Only the Blivet et al (2002) comment on the shape of the subsided zone of fill on 
the basis of the tests performed during the RAFAEL research programme. In 
these tests circular voids were studied, and it is asserted that only the cylinder of 
soil directly above the void was affected. 
2.4.5.4 Surface settlements 
Again, only the RAFAEL research group measured any surface deflections. 
However, the results they present only give the settlement occurring directly 
above the centre of the void. No attempt has been made to represent the surface 
settlement trough, which is necessary to determine the differential settlements 
needed to assess the damage that might occur to any structure above the void. 
2.4.5.5 Long term behaviour 
Finally, Bridle et al (1994) considered the long-term behaviour of the system - 
although they acknowledge that they did not leave the tests for long enough to 
comment rigorously, nonetheless they were surprised that over the few days of 
monitoring after the formation of a void beneath the geogrid, much less creep 
was seen than might have been expected. This is attributed to the confining effect 
that the fill material above has on the geogrid, in that the interlocking of these 
particles with each other and the geogrid prevents elongation of the geogrid. 
Kinney (19 8 8) also comments that weathering seemed to have a stabilising effect 
on the test sections constructed in Alaska and left for a year, although in this case 
he attributes this to weathering effects causing the densification of the fill 
material. 
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2.5 Numerical analysis 
The literature also includes a number of examples of numerical analysis that have 
been undertaken, using a variety of programs, both finite difference and finite 
elements. Of interest is the approach taken to the modelling of the geosynthetic 
reinforcement, as well as the observed behaviour of the system. 
2.5.1 Modelling the geosynthetic 
Lawson et al (1994) and Lawson et al (1996) consider the behaviour of the 
system and the influence of various different parameters. Their findings are 
discussed later in this section. In both cases the finite difference code FLAC was 
used because finite difference techniques are able to model the physical 
instability and large strains developed in the fill layer after the formation of the 
void. Conventional small displacement finite element analyses do not accurately 
model the re-orientation of the stresses in the geosynthetic that occurs when the 
geosynthetic distorts - this point is discussed in further detail in Chapter 3. The 
geosynthetic has been modelled as an elastic beam. 
Schwerdt et al (2004) attempted to reproduce the results of one of their tests 
analytically, using both 2D finite element program Plaxis and the 3D finite 
element program Sofistik. No details are given about the element type or 
constitutive model used in the 2D analysis, but it is stated that some form of soil- 
geosynthetic interface was modelled using an embedding layer, with shear 
properties matching the results of a friction test between the crushed gravel and 
the geogrid. In the 3D analysis the geosynthetic was modelled using membrane 
elements capable of developing out-of-plane forces. A linear elastic constitutive 
model was used. It was found that the 2D analysis produced reasonable results 
for the stresses developed in the system - it was possible to detect the forrnation 
of a soil arch and the predicted geosynthetic stresses were accurate. However the 
deformations were in excess of three times larger than those seen during the test. 
The 3D analysis slightly overpredicted the stresses and underpredicted the 
deformations but the results were a reasonable match. 
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Wittke & Wittke (2004) used a 3D finite element code FEST03 (an in-house 
code at Wittke Consulting Engineers (WBI) in Germany) to design a single layer 
reinforcement system beneath the new A143 bypass for the city of Halle, which 
passes through an area of previous mining activity. The reinforcement was 
modelled using pin-jointed beam elements, each with a tensile stiffness matching 
that of the reinforcement, with interface elements on either side to allow for a 
reduced angle of friction between the reinforcement and the surrounding soil. 
The results were used to successfully design a system to bridge sinkholes up to 
4m in diameter. 
2.5.2 Parametric studies 
Lawson et al (1994) performed a comparison of various aspects of the behaviour 
of a geosynthetic reinforced fill layer above a void when analysed using the 
British Standard BS8006: 1995, the methodology proposed by Giroud et al 
(1990) and the finite difference program FLAC. These first two analysis methods 
are described in Sections 2.6.1 and 2.6.2 of this thesis respectively. The results 
are discussed in Section 2.6.4. 
A parametric study using continuum methods based on the finite difference 
technique was undertaken by Lawson et al (1996) using FLAC 1995. The 
variables in the study were the fill height H, the tensile strength T and stiffness J 
of the geosynthetic and the void width D. The geometry was assumed to be plane 
strain, i. e. the void was assumed to take the form of an infinitely long void. Other 
assumptions were that the foundation stratum was a rigid material (typical 
parameters for a medium to hard sandstone were used), to ensure maximum 
arching in the fill, while the parameters used to describe the fill material were 
typical of a compacted granular soil. Further, the relationship J=IOT,, I, was 
maintained in all cases. Lawson et al (1996) claim that this is consistent with the 
properties of current polymeric materials. 
2.5.2.1 The effects of varying the reinforcement stifjTness J 
Firstly, the impact of the reinforcement stiffness on the surface settlements is 
considered. The results of the parametric study indicate that the ratio of the fill 
height to the void width has a far more significant effect on the surface 
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settlements than the 4*0 
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Lawson et al, 1996) 
width of the settlement 
trough). This is attributed to the fact that increasing the HID ratio increases the 
amount of arching in the fill material, especially for HID ratios greater than 1.5. 
This arching significantly reduces the surface settlements, and a relatively large 
increase in reinforcement stiffness is needed to produce a similar decrease in 
surface settlements. Lawson et al (1996) found that similar curves were obtained 
regardless of the width D of the void, and so these families of curves have been 
plotted as regions on Figure 2.7. These results were obtained from considering 
void widths of up to 8m. Lawson et al (1996) note that these results suggest that 
in order to obtain a serviceability solution in terms of dID,, a unique 
combination of both HID and J is required. 
The effects of the 
4UU 
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loads increase as HID increases from 0.5 to 1.5. These loads reach a maximum 
when HID is 1.5, which is consistent with classical arching theory (see Section 
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2.8.1 of this thesis). The load carried by the reinforcement then decreases as HID 
increases from 1.5 to 3. For HID ratios greater than 3, the load carried by the 
reinforcement was found to be the same in all cases. 
It can also be seen from the same plot that for J values less than about 
20OOkN/m, the load carried by the reinforcement is proportional to J, its 
stiffness. As J continues to increase, however, the increases in load are smaller. 
Thus the plot can be divided into two regions. Lawson et al (1996) define the 
'strength constrained region' to be the part of the plot where the increase in load 
carried by the reinforcement is proportional to its stifffiess. In this case the 
gradient is 10, because of the initial assumption that J=IOT,,,,. They then define 
the 'stiffness constrained region' to be the part of the plot where the increase in 
load is less for each increase in J, and is no longer proportional to J. They call 
the intersection of these regions the 'minimum possible load' carried by the 
reinforcement for a specific problem geometry and reinforcement type. 
Figure 2.9 shows the 
curves obtained for an 
HID ratio of 1.5 (the 
maximum load that 
would be carried by the 
geosynthetic in each 
case), for all void widths 
considered in this study. 
Figure 2.9 demonstrates 
that the effect of void 
width is far more 
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Figure 2 9: Effect of reinforcement stiffness 
on reinforcement load when IIID=1.5 (after 
Lawson et al, 1996) 
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significant when considering the load in the reinforcement than when considering 
the surface settlements, where the value of HID was the more crucial parameter. 
2.5.2.2 The effects of using multiple reinforcement layers 
In the analyses where more than one layer of reinforcement was employed, 
Lawson et al (1996) maintained the same gross Tul, value for the cases to be 
compared. This is achieved by using a Tul, value for each layer equal to the gross 
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T, i, divided by the number of layers. By virtue of the relationship J=IOT,,,,, this 
means that the stiffness of each layer is also factored in the same way. A vertical 
spacing of 300mm between layers was used in all cases. 
Figure 2.10 shows the load carried by the reinforcement layers for different HID 
ratios for a 4m wide void. It can be seen that the single layer of reinforcement 
behaves as described above in Section 2.5.2.1 - as HID increases, the load 
carried increases until HID reaches a value of 1.5, where the load peaks, then 
reduces as HID increases to 3, after which the load remains constant as HID 
continues to increase. However, when there is more than one layer of 
reinforcement, the total load carried by the reinforcement increases until HID 
reaches 1.5, but remains constant thereafter. 
This difference in NO I layer J=2, behaviour is thought to 340 
be due to the difference 
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carried by the reinforcementfor a 4m wide void (after Lawson 
ot al 1996) reinforcement is very - --7 -- - -/ 
similar in all cases. It is also noted that when more than one layer of 
reinforcement is present, the load curves are similar for all values of HID. Lastly, 
Lawson et al (1996) observe that the lowest layer of reinforcement always 
attracts more load than the uppermost layer, and that the difference between the 
loads carried by different layers depends on the HID ratio. 
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total stiffness of all of the layers of geosynthetic reinforcement is the same, there 
is no benefit in using more than one layer of reinforcement, as far as reducing the 
differential surface settlements is concerned. 
2.6 Existing guidance for design 
There are three main analytical design methods currently available to the 
practising engineer wishing to design a geosynthetic reinforced soil layer above a 
void, which are summarised in the following sections. A comparison is made 
subsequently. A more complex analytical method developed by Pooroshasb 
(1991) is also described. These all consider a single layer of reinforcement, but 
Wang et al (1996) have suggested modifications to the methodology developed 
by Giroud et al (1990) to allow for the use of multiple layers of reinforcement. 
These are not described here. 
2.6.1 BS8006: 1995 
The principal guidance for geosynthetic reinforcement design in the UK is the 
British Standard BS8006: 1995 'Code of practice for strengthened/reinforced 
soils and otherfills'. This document is currently undergoing review, particularly 
the section covering the design of a reinforced layer at the base of an 
embankment overlying a void, because this section is widely viewed by 
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practitioners to be too conservative. At present however, it is not known what 
form any alterations to this section might take. 
The approach advocated 
by the British Standard 
assumes the geometry 
shown in Figure 2.12, in 
which the meaning of the 
geometrical symbols is 
also defined. The void is 
assumed to forrn in a 
competent subsoil, so that 
the surrounding material 
can be assumed to be rigid. 
Depression at 
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Figure 2.12: Geometry ofproblem and 
definition ofparameters (after BS8006: 1995) 
There are three calculation steps for the design of the reinforcement, namely the 
computation of the maximum strain to be expected in the geosynthetic 
reinforcement, the tensile stress that this induces in the membrane, and finally the 
embedment length required beyond the edges of the void to prevent slippage into 
the void itself These calculations are outlined in the following sections. 
2.6. LI Maximum allowable reinforcement strain 
The first stage in the British Standard's approach is to calculate the maximum 
allowable reinforcement strain in the geosynthetic. 
When the void forms beneath it, the geosynthetic is assumed to behave as an 
impervious membrane. No account is made of any possible soil arch that could 
form in the fill above the void, and therefore the stresses (due to the self-weight 
of the fill and any surcharge loads) acting on the geosynthetic are assumed to be 
vertical and unifon-nly distributed. The defon-ned shape of the geosyntbetic is 
assumed to be a catenary. For the range of d1D ratios that could reasonably be 
expected in this problem, this catenary is reasonably well approximated by a 
parabola. 
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If the co-ordinate system shown 
to the right in Figure 2.13 is 
used, with an origin above the 
centre of the deformed 
geosynthetic and with the x-axis 
level with the top of the void, 
then the equation of this 
parabola is: 
4dx' 
d 
D2 
The extended length of the parabola can then be computed and used to derive the 
maximum strain in the geosynthetic, as described by Steinman (195 7), to give: 
8d' 
max 3D' 
(2.2) 
No volurnetric changes in the fill due to shearing are considered in this 
formulation, so the volume of displaced material at the level of the reinforcement 
is assumed to be equal to the volume of the surface settlement trough. This will 
depend on the shape of the void, and there are two expressions; one for plane 
strain (if the void is in the form of a long trench) or axisymmetric (if the void is 
circular) conditions. These are given below: 
For infinitely long voids: 
V 
2dD 2d, D, 
(2.3a) 
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For circular voids: 
V 
dD2 
-_d, 
D, 2 
(2.3b) 
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Figure 2.13: Sketch of deformed 
membrane showing geometry assumed 
for computation of strain in BS8006: 1995 
Finally, this design method assumes that the affected mass of soil above the 
geosynthetic is a funnel, defined by the angle of draw, Od, as shown in Figure 
2.12. This assumption means that for a given design void size D and fill depth H, 
the width of the surface settlement trough will be given by: 
D, =D+ 
2H 
(2.4) 
tanod 
Substituting from equations (2.3a) or (2.3b), as appropriate, and (2.4) into (2.2) 
then yields the expressions for that appear in the British Standard for 
longitudinal and circular void shapes. These are given below: 
For infinitely long voids: 
8ý 
d' )'ýD 2H 
)4 
D, tanod (2.5a) 
max 3D 4 
For circular voids: 
8ý 
ds 
)2 ýD 
+ 
2H 
)6 
D, tanod (2.5b) 
Emax ý-- 
3D 6 
Where is the maximum allowable reinforcement strain in the geosynthetic 
and the other symbols are as defined in Figure 2.12. The British Standard 
recommends assuming that in the absence of better information, the angle of 
draw should be assumed to be equal to the angle of internal shearing resistance in 
the fill, 
It should be noted that this expression for c,,,, is independent of the geosynthetic 
material properties. 
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2.6 1.2 Reinforcement tensile properties 
The next stage in the British Standard's design method is to calculate the tensile 
load in the reinforcement. For a uniformly distributed stress acting on a catenary, 
the maximum stress in the cable is given by Steinman (1957). When factors of 
safety are incorporated the equation is as follows: 
T = 0.5, ý 
(ff, yH + fqw, )D 6c 
(2.6) ý, + 2-c 
Where: T, = tensile load in the reinforcement per meter "run" 
a coefficient dependent on whether the reinforcement is to 
function as a one-way or two-way load shedding system 
Y= unit weight of the embankment fill 
H= height of the embankment 
W, ý surcharge intensity on top of the embankment 
D= design diameter of the void 
"= strain in the reinforcement, which is less than or equal to 
-'max 
partial load factor for soil unit weight fi, 
partial load factor for external applied loads 
BS8006: 1995 recommends usingff, =fq = 1.3 for the ultimate limit state andff, 
fq =1.0 for the serviceability limit state. 
For circular or rectangular voids spanning two directions, BS8006: 1995 states 
that Aý0.67, while for longitudinal voids, Aý1.0. 
The value of T,, should be calculated using the value of strain calculated from 
either equation (2.5a) or (2.5b) as appropriate, or from a knowledge of the strain 
of the reinforcement under consideration. The strain value used should be the 
initial strain of the reinforcement, before any allowances are made for creep. 
45 
2.6.1.3 Reinforcement Bond 
The final stage in the design, according to BS8006: 1995, is the determination of 
the necessary bond length between the geosynthetic and the adjacent soil to 
prevent the geosynthetic from being dragged out of the surrounding soil into the 
void. This is calculated by considering the frictional forces, generated by the 
contact between the reinforcement and the ground, that are needed to resist the 
tensile load in the reinforcement. The minimum reinforcement bond length Lb 
required to carry load T, is given by: 
f 
Lb > 
jr7ý 
a', tan 0',,, +a2 
tanO'cv2 (2.7) 
Where: partial factor governing the economic ramifications of 
failure 
fp = partial factor applied to the pull-out resistance of the 
reinforcement 
average height of fill over the bond length of the 
reinforcement 
)/= unit weight of the fill 
a', = interaction coefficient relating the soil/reinforcement bond 
angle to tano',,, on one side of the reinforcement 
a'2 ý interaction coefficient relating the soil/reinforcement bond 
angle to tanO'cv2 on the other side of the reinforcement 
f,,, = partial material factor applied to tano, 
BS8006: 1995 recommends usingf, = 1.0 for embankments and structures where 
failure would result in moderate damage, andf, = 1.1 for structures whose failure 
would have more serious consequences, such as inhabited buildings. 
A value of fp = 1.3 is recommended for ultimate limit state design, andf, = 1.0 
for serviceability limit state design. 
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For both ultimate state and serviceability limit state design, a value offi,, =1 .0 is 
recommended. 
2.6.2 Giroud's method 
Giroud et al (1990) developed a method of analysis that combines both tensioned 
membrane theory and soil arching theory in the design of a geosynthetic 
reinforced soil layer to bridge a void. 
Arching theory is used to evaluate the pressure at the base of the soil layer on the 
portion of the geosynthetic located above the void. Tension membrane theory is 
then used to establish a 
relationship between this 
pressure, the tension and 
strain in the geosynthetic, 
and its deflection. The 
geometry considered in 
this process is shown in 
Figure 2.14. The 
parameters used here are 
consistent with those 
defined by the British 
Standard BS8006: 1995. 
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Figure 2.14: Geometry ofproblem and 
definition ofparameters (after Giroud et al, 
1990) 
2.6.2.1 Application of arching theory 
When the geosynthetic deflects, arching develops in the soil layer. This 
phenomenon transmits some of the applied load laterally, and consequently the 
normal stress transmitted to the portion of the geosynthetic above the void is 
smaller than the vertical stress due to the weight of the soil layer and any 
surcharge. The analysis of soil arching behaviour is discussed more fully in 
Section 2.8. 
Giroud et al (1990) adopt the approach of Terzaghi (1943), and assume that the 
soil above the void shears along vertical planes located at the edge of the void. 
Thus only the column of fill directly above the void is displaced. Terzaghi 
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considered an infinitely long void, and for a coliesionless fill material derived the 
following expression for the value of p, the pressure acting at the level of the 
reinforcement: 
7 -2 
KH 
tan -2KH tan 0 
p= 'D I-e D+w, e 
D (2.8a) 
2K tan 0 
Where: y= unit weight of the fill 
K= coefficient of lateral earth pressure 
angle of internal shearing resistance of the fill 
ws ý surcharge intensity on top of the fill layer 
The other symbols are as defined in Figure 2.14. 
For a circular void, Kezdi (1975) adopted the same approach as Terzaghi and 
showed that: 
)ID 
-4 KH 'an -4KH tan 0 
4K tan 0 
I-e D0+ we 
D (2.8b) 
Giroud et al (1990) observe that when 0 is equal to or greater than 20', which is 
the case for the vast majority of granular soils under drained conditions, a 
constant value of 0.25 may be used for the value of Ktano, which can be used to 
simplify equations (2.8a) and (2.8b). 
2.6.2.2 Application of tensioned membrane theory 
In order to apply the tensioned membrane theory to this problem, it must be 
assumed that the strain in the portion of the geosynthetic overlying the void is 
uniformly distributed, and that the strain in the portion of the geosynthetic 
outside the void area is zero, i. e. the geosynthetic does not slide towards the void. 
Giroud (1981) asserts that above an infinitely long void, the deflected shape of 
the geosynthetic is a circular arc. The load acting on the geosynthetic is therefore 
always normal to the deflected shape. 
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If these assumptions are valid, then for an infinitely long void the strain in the 
geosynthetic, c, is given by: 
2Qsin-' 
')-I (2Q 
2Q ; T- sin-' M 
Where Q is a dimensionless factor given by: 
Q= 
1(2d+ D) 
4D 2d 
(for c<0.01 i. e., for n>2.07) 
Qvs c 
11 WD vs -c 
A 
d/D 
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Figure 2.15: Relationship between fl, c 
and d1D (after Giroud et al, 1990) 
if dlD<0.5 
if dlD>0.5 
(2.9) 
(2.10) 
Although Giroud et al (1990) 
note that in the case of a circular 
void, it is not true that the 
deflected membrane shape is a 
portion of a sphere, it is 
suggested that equation (2.9) 
can still be used to give an 
approximate value of the 
average strain in the 
geosynthetic. 
Equations (2.9) and (2.10) 
describe a unique relationship 
between d1D, - and Q, which is 
shown in Figure 2.15. 
For an infinitely long void, the tension T in the geosynthetic may then be 
computed using the pressure p acting on the geosynthetic, and the geosynthetic 
strain c (via the relationship between c and fl), as follows: 
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T= pDf2 (2.11 
Again, for a circular void, since the strain is not uniform in the geosynthetic it is 
only possible to obtain an approximate value for the average tension in the 
geosynthetic; it is also important to note that the tension T can only be evaluated 
for circular voids if the geosynthetic has isotropic tensile characteristics. If this 
condition is satisfied, then for circular voids: 
pDQ (2.11 b) 
2 
Figure 2.16 below shows a chart developed by Giroud et al (1990) based on 
these equations for the deten-nination of the pressure on and tension in the 
geosynthetic. 
2w. 
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p=-T 
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Figure 2.16: Pressure on and tension in the geosynthetic (after Giroud et al, 
1990) 
From here on in this thesis, this design method is referred to as Giroud's design 
method. 
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2.6.3 RAFAEL 
The experimental basis of the RAFAEL method has already been described in 
Section 2.4.3 of this thesis. The concept of the RAFAEL project was to use the 
results of these experiments to derive a new design method for geosynthetic- 
reinforced embankments over voids, which is described by Blivet et al (2002) 
and Villard et al (2000). 
An uncoupled approach is adopted where the load applied to the geosynthetic is 
calculated first, incorporating the effects of soil arching, and then used to 
calculate the tension, strain and 
deflection of the geosynthetic 
assuming it behaves as a 
membrane. The deformations at 
the ground surface are then 
computed from the geosynthetic 
d 
D 
H 
deformations. The geometry of Figure 2.17: Geometry ofproblem and 
the problem is shown in Figure 
definition ofparameters (after Blivet et al, 
2002) 
2.17. 
2.6.3.1 Evaluation of loads acting on the geosynthetic 
Additional experiments to the series described in Section 2.4.3 above were 
performed using a variety of fill materials, to investigate the shape of the soil 
mass affected by subsidence (Blivet et al, 2002). It was found that the area 
affected by subsidence was limited to the cylinder of soil directly above the void, 
thereby validating Terzaghi's assumption that the soil immediately above the 
cavity tries to move in a vertical column, which is used to derive his arching 
equation (Terzaghi, 1943 and Kezdi, 1975). Remembering that the void is 
cylindrical in the RAFAEL analysis, and assuming that the fill material has no 
cohesion, the load p acting on the geosynthetic sheet is therefore given, as in 
Giroud's analysis (equation (2.8b)), by: 
-4KH tan 0 -4rH t. 0 ýD I-e D+w, e 
D (2.12) 
4K tan 0 
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Where: y= unit weight of the fill 
K= coefficient of lateral earth pressure 
angle of internal shearing resistance of the fill 
w, = surcharge intensity on top of the fill layer 
The other symbols are as defined in Figure 2.17. 
2.6.3.2 Evaluation ofgeosynthetic sheet displacement 
The load p acting on the geosynthetic is assumed to be uniformly distributed 
across the width of the void, and to act vertically. Again the deformed shape of 
the geosynthetic is assumed to be a catenary, and as with the British Standard 
BS8006: 1995, this catenary is approximated by a parabola for ease of 
computation. 
Therefore as in the derivation of the British Standard (equation (2.2)), for a 
known geosynthetic deflection d, the strain in the centre of the sheet e ..... can be 
computed by considering the static equilibrium of the sheet as follows: 
'cmax - 
8d' (2.13) 
3D 2 
The maximum tensile force to be sustained by the geosynthetic T,,,,,,, and the 
required tensile stiffness J, can then be deten-nined from the following 
relationships: 
pDF I- 
2 
M.. 
Tmax + JEmax 
2.6.3.3 Evaluation of surface displacements 
Blivet et al (2002) note that when the soil is decompacted during subsidence, 
because it dilates as it shears, surface displacements are less than those observed 
at the level of the geosynthetic sheet. By assuming that both the volume of 
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surface subsidence and the displaced volume at the geosynthetic level are 
paraboloids of revolution, they have established the following relationship: 
d, =d-2H(C, -1) (2.15) 
Where C, is the soil expansion coefficient and the other symbols are as defined 
in Figure 2.17. C, is the ratio of the dilated soil volume to the initial soil volume 
before decompaction, and Blivet et al (2002) state that for fill materials the value 
of C, can be taken to be 1.15. 
2.6.4 Comments on the design guidance currently available 
The three design methods outlined in Sections 2.6.1,2.6.2 and 2.6.3 above are 
the three principal methods available. All have their shortcomings, some more 
significant than others. A comparison is undertaken in the following sections, 
which consider each aspect of the design of a geosynthetic reinforced fill layer 
above a void separately. 
2.6.4.1 Shape of deflected geosynthetic 
The three principal design methods differ in their assumptions regarding the 
deflected shape of the geosynthetic, and the way in which load is transferred to it. 
None of them consider any shear forces between the fill layer above the void and 
the geosynthetic. The British Standard and the RAFAEL methodologies both 
assume that loads acting on the geosynthetic are uniformly distributed and act 
vertically, and that the geosynthetic deflection is a catenary, which can be 
approximated by a parabola for ease of computation. Giroud's approach assumes 
that the loads always act normal to the deflected geosynthetic, which therefore 
takes the shape of a circular arc. 
Lawson et al (1994) undertook a comparison of the British Standard model, 
Giroud's method, and analysis undertaken using the finite difference program 
FLAC, as described in Section 2.5.1. They compared the vertical deflections of 
the reinforcement for different strain levels in the geosynthetic, predicted using 
each of the three methods of analysis. The results are shown in Figure 2.18. 
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Figure 2.18: Comparison of computed 
vertical deflections at reinforcement 
level (after Lawson et al, 1994) 
These results suggest that at 
geosynthetic strain levels of 1% and 
5%, it makes no appreciable 
difference whether or not the 
deflected shape of the geosynthetic 
is circular or parabolic in terms of 
predicting the maximum vertical 
deflection. However only these two 
strain levels were considered. The 
effect may be more significant at 
higher strain levels. 
2.6.4.2 Soil arching 
The approach of the British Standard BS8006: 1995 assumes no beneficial effects 
from the possibility of a soil arch developing in the fill above the void, which is 
conservative. No account is made for the possibility of volume expansion in the 
fill during shearing when the fill subsides, which is also conservative, since such 
an expansion would reduce the surface deformations. Villard et al (2000) explain 
the difference this makes to the surface settlements and the stability of the system 
- this is illustrated in Figure 2.19. 
Zone 4a : x. x 
Zone 2 
Zone I .... ..... 
Zone 3 
(a) Total collapse 
Figure 2.19: 1 
Zone 5a Zone 5b 
H 
Zone 4a ne 4b n 
Zone 2 
Zone 3 
Zone ID 
(b) Formation of an arch 
"ossible collapse mechanisms 
With reference to Figure 2.19, if there is a total collapse in the fill, as in case (a), 
then the settlements experienced at the surface will be at their upper limit (which 
will depend on whether or not the soil dilates as it shears, and the assumed shape 
of the collapse mechanism). In case (b) the HID ratio is sufficiently large for an 
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arch to form. Villard et al (2000) identify five distinct zones in the reinforced fill, 
the interaction of which governs the behaviour of the system: 
Zone 1: the geosynthetic sheet, which deforms like a membrane under the 
action of the soil in zone 3. 
" Zone 2: the foundation soil, which is assumed to be stable, on the sides of 
the void. 
" Zone 3: the collapsed soil, which places a load on the geosynthetic sheet. 
" Zone 4: the intermediate layer of fill where the arch is formed. Zone 4b is 
the arch - the shape of which is such that the loads (the weight of soil in 
zone 5b and any surface loads) can be transferred to stable supports, i. e. 
zone 2. Zone 4a provides lateral support for zone 4b. 
" Zone 5: the top layer of fill. Zone 5b is prevented from collapsing 
vertically by the arch (zone 4b) and laterally through friction from zone 
5a. 
If the collapsed material in zone 3 expands sufficiently during shearing to fill the 
space beneath the soil arch, then the arch is very stable and the surface 
settlements are limited to those necessary to trigger the fon-nation of the arch. 
If a soil arch forms, the loading regime in the fill beneath it will be affected, and 
the load at reinforcement level will be equal to the weight of fill beneath the soil 
arch, which is less than the total 
1 
overburden weight of the fill. (Ba 8006) 6% *ain rjk*W) 
i Therefore the load in the --w- 5% main (F. 
D. ) 
reinforcement will be less in the 600 
case where a soil arch forms, .0 
than where no arch is present. 
The comparison exercise 9 
undertaken by Lawson et al 246 10 
Enibankffent height H (m) 
(1994) included an assessment 
of the tension developed in the Figure 2.20: Comparison of computed 
reinforcement tension (after Lawson et al, 
reinforcement, the results of 1994) 
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which are shown in Figure 2.20. These results are predicted using BS8006, 
Giroud's method, and the finite difference program FLAC, for the case where the 
strain in the geosynthetic is 5%, and assuming that the foundation material 
immediately beneath the geosynthetic reinforcement is a well defined rock 
stratum. 
The results shown in Figure 2.20 show that there is a significant difference seen 
in the tension developed in the geosynthetic when arching in the fill above is 
taken into account. The British Standard approach, which ignores soil arching, 
predicts that the tension in the geosynthetic will increase linearly with increasing 
embankment height. However Giroud's method and the finite difference analysis 
indicate much lower tension levels than this for higher embankments, in this case 
for I-I > 2m, when an arch might be expected to form in the fill material above the 
void. 
2.64.3 Shape ofzone ofsubsidence 
The British Standard assumes that the shape of the subsiding soil mass is a 
funnel. This assumption is based on the advice given by the National Coal Board 
(NCB, 1975) for computing surface settlement troughs due to mining subsidence, 
in which an angle of draw of 35' is recommended for a non-sloping underground 
void. The other two design methods assume vertical shear planes in the fill above 
the void - in the development of the RAFAEL methodology this assumption is 
validated by experimental results. In addition, Paul (2004) also asserts that the 
results of a series of large-scale lab tests indicate that the zone of subsidence is 
cylindrical rather than funnel shaped. Clearly this significantly affects the pattern 
of settlements seen at the surface, and will make more difference as the fill 
thickness H increases, since the difference in settlement trough width between 
the different design methods will increase. 
2.6.4.4 Surface settlements 
Finally, the purpose of designing such a structure is to minimise surface 
deformations in the event of a void forming beneath the geosynthetic. Both the 
British Standard and the RAFAEL method propose a method of computing the 
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surface settlements from the deformation of the geosynthetic. Giroud's method 
does not consider the surface deformations at all (and therefore neither does the 
work of Wang et al (1996), when they extended Giroud's method to allow for 
multiple layers of reinforcement). This is clearly a major limitation of these 
approaches. 
The British Standard's approach assumes that no dilation occurs in the fill 
material during shearing, so that the displaced volume of material at the level of 
the reinforcement is the same as the displaced volume at the surface. The 
assumption of a funnel-shaped subsidence zone therefore means that the surface 
settlement trough will be wider and shallower than the deflected shape of the 
geosynthetic. If this funnel shape is wrong, and the settlement trough is narrower 
than assumed by the British Standard, then it is possible that the surface 
settlements could be underpredicted by this method, which would clearly be non- 
conservative and a cause for concern. 
The RAFAEL method assumes that the defori-nations seen at the surface occur 
directly above the void, and are computed from the geosynthetic deformations 
below making an allowance for volume expansion in the fill during shearing. If 
their claim that C, =1.15 for all granular fills is accepted, then using equation 
(2.15) it is possible to predict heave at the ground surface for sufficiently deep 
fill layers (in this case, when H>1.67d). This is not realistic, and can be 
attributed to the restricted range of HID ratios considered in the RAFAEL 
experimental programme. 
2.6.5 Poorooshasb's approach 
All of the design methods described thus far are derived from a consideration of 
the static equilibrium of the system being analysed. An alternative analytical 
method has been devised and published by Poorooshasb (199 1) - however it is a 
great deal more complex than the other design methods described here and 
requires some programming to be performed, making it less suitable for 
implementation as a design code. 
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The analysis performed by Poorooshasb is based on the assumption that the 
mode of deformation in the fill material is simple shear in the vertical direction, 
as illustrated in Figure 2.21. While horizontal dilation is possible, this 
assumption imposes the condition that any such expansion results in no change in 
the vertical length of an element, and that all elements along a plane that was 
originally vertical experience identical flow patterns. However this does not 
mean that the same stress state is necessarily being experienced in each element 
along such a plane, as indicated in Figure 2.21(e). Whilst this assumption 
facilitates the analysis, it implies that the surface deformations are always 
identical to the geosynthetic deflections, since a point at the ground surface will 
have the same displacement vector as the point directly beneath it at the level of 
the reinforcement. This is the case regardless of any arch formation in the fill 
material, which is clearly not realistic. 
at W 
'wr . 
......... (a) initial state 
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(b) after deformation 
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(c) co-ordinate (d) components of 
system used displacement vector 
(e) identical distortion of 
elements subjected to different 
stress levels 
Figure 2.21: Graphical representation of assumed mode of deformation (after 
Poorooshasb, 1991) 
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The ftill details of the analysis method are not presented here. However 
Poorooshasb used the method to analyse the behaviour of the system as a whole 
under different conditions. Some of the results he obtained are unexpected, and 
seem improbable. For example, using this analysis it was possible to increase the 
width of void that could be bridged by reducing the density of the fill material. 
Since the transfer of stresses and therefore the formation of a soil arch will be 
easier when there is more contact between the soil particles, this result seems 
unlikely. In one case considered by Poorooshasb, this analysis method also 
suggests that it is possible to bridge a Im wide void with a Im thick layer of 
unreinforced fill, which is again unlikely, particularly in view of the arching 
theory presented in Section 2.8. It was also found that increasing the tensile 
stiffness of the reinforcement actually caused increased deflections, which is not 
only improbable but contradicts both the experimental results of the RAFAEL 
research project (Gourc et al, 1999) and the parametric numerical analysis study 
performed by Lawson et al (1996). 
2.7 The influence of a structure at ground surface 
If a structure is to be built on a site where a risk of void formation in the 
foundation soils has been identified, the ultimate design aim is to minimise the 
risk of damage to the structure in the event that a void does form. Studies by 
Addenbrooke (1996) and Franzius (2003) as well as field monitoring by Standing 
et al (1998) have found that the presence of a structure at the ground surface has 
a significant effect on the surface deformations seen when tunnels are 
constructed beneath them. 
These studies have generated a series of modification factors for buildings with 
different bending and axial stiffnesses that can be applied to the predicted 
greenfield ground deforinations. Franzius et al (2004) observe the complex 
interaction problem involved - the weight of the building changes the stress 
regime in the underlying soil, compared with the greenfield case. This then alters 
the mode of deformation around the tunnel, which in turn affects the response of 
the building to the tunnelling induced subsidence. Even so, Franzius et al (2004) 
demonstrate that these effects are small compared to the increase in building 
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stiffness that accompanies an increase in its weight (assumed to be due to the 
addition of more storeys), and therefore the modification factor curves proposed 
by Potts & Addenbrooke (1997) for weightless structures can still be applied. 
This thesis considers specifically the problem of low-rise development in areas 
where deep-seated collapses in the underlying soils may propagate to surface 
level. This differs from the tunnelling scenano in a number of ways - the void is 
likely to be much closer to the structure, so any changes in the stress regime in 
the fill might have a more significant effect. Also, tunnels are generally 
constructed in more competent materials than those within which a void might 
form, and in a more controlled manner, with lining materials being installed as 
quickly as possible to support the soil around the tunnel. Tunnels are also 
generally constructed in urban environments, so taller and therefore stiffer and 
heavier structures are more likely to be encountered than on a low-rise 
development of the type considered here. A sketch of the typical scenario 
considered in this thesis is shown in Figure 2.22. 
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"'Rigid formation 
Figure 2.22: Schematic offooting on reinforcedfill overlying a void 
Agaiby & Jones (1996) have undertaken a parametric numerical analysis study 
looking specifically at the problem of uncontrolled void formation at the base of 
a reinforced fill layer beneath a rigid loaded footing, with a view to providing a 
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means of estimating the likely footing settlements and geosynthetic tensions for 
different conditions. The analysis assumed that the void took the form of an 
infinitely long void, and was performed using the finite difference programme 
FLAC. The geometry and symbols used are shown in Figure 2.22. The void was 
considered to form in a rigid formation after the footing had been constructed 
andloaded. 
In the first phase of analysis, three fill materials (loose, medium and dense) were 
considered, and three geosynthetic materials with different tensile strengths and 
stiffnesses were considered. The footing width was maintained at B=2.0m, the 
fill height at H=2. Om and the load applied to the footing at P=IOOkPa in all 
cases. Void widths between 0.5 and 2. Om were considered, with eccentricities 
between 0 and 8.0m. 
The greatest footing settlements (recorded at the centre of the footing) were seen 
in the case of the loosest fill material (0'=30'), and these results are shown in 
Figure 2.23. Agaiby & Jones (1996) attribute this to increased arching in the 
denser fills. It can be seen from Figure 2.23 that when the distance between the 
footing and the void increases beyond 6m, there is no significant settlement of 
the footing, suggesting that it does not 'feel' the void. For the medium dense and 
dense fills considered (0' of 34' and 37' respectively), this distance decreases to 
4m. In all cases the 
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footing displacements are 
small and are likely to be 
well within the tolerable 
displacement values of the 
structure. JI, J2 and B 
are the three different sets 
of geosynthetic properties 
that were considered - it 
can be seen that varying 
the stiffness and ultimate 
tensile strength of the 
Figure 2.23: Variation offooting settlements 
with distancefrom voidjor loosefill, with 
different void sizes and geosynthetic properties 
(after Agaiby & Jones, 1996) 
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geosynthetic has only a minor effect on the footing settlements for the range of 
values considered. 
Next Agaiby & Jones (1996) considered the geosynthetic deformations. Again, 
these are greatest for the loose fill, and the results obtained using this material are 
shown in Figure 2.24. As the distance between the void and the footing increases 
beyond 4m, there is no ftirther variation in the geosynthetic deformations, 
indicating that the presence of the footing has no effect on the geosynthetic 
beyond this distance. For the medium dense and dense fills this distance 
decreases to 2m. These distances are smaller than those for which the footing 
'feels' the presence of the void as described above. Agaiby & Jones (1996) 
attribute this difference to the lateral flow of soil away from the footing towards 
the void, which contributes to the footing's displacement, but not to the 
geosynthetic's. The geosynthetic deformations are controlled purely by the 
stresses reaching it. Identical trends are observed in the mobilised tension in the 
geosynthetic, which is not surprising since this is directly related to the 
geosynthetic deflection. Again, the influence of the geosynthetic properties 
appears to be minor 
compared to the void 
size and proximity or 
the soil properties. 
However it should be 
noted that the 
geosynthetic stiffnesses 
considered in this 
analysis ranged from 
2.22 to 3. OxI 06 kN/M2, 
and so are all of the 
same order of 
magnitude. 
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Figure 2.24: Variation ofgeosynthetic 
displacement with distanceftom voidjor loose 
fill, with different void sizes and geosynthetic 
properties (after Agaiby & Jones, 1996) 
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The second phase of the analysis investigated the influence of varying the footing 
width, the fill height and the footing pressure, whilst maintaining the same void 
size D=I. Om, keeping the footing directly above the void (e=Om), and using the 
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same fill material (medium dense) and geosynthetic properties. The results from 
a reference case in which B=2.0m, H=2. Om and P=IOOkPa were used to 
normalise the results from the other analyses. 
ZLU 
2.6 
ý 2-0 
0.5 
An 
i ne tooting settiements 
were normalised by the 
settlement seen for the 
reference case, and the 
results are presented in 
Figure 2.25. Similarly, 
0123 the geosynthetic 
(BIB. f), (H/H, ý), (P/P,, ) deflections were also 
Figure 2.25: Variation of normalisedfooting normalised, and are 
displacement (after Agaiby & Jones, 1996) presented in Figure 2.26. 
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deflection, since they are 
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Figure 2.26: Variation of normalised 
increase in the footing 
geosynthetic deflection (after Agaiby & Jones, settlement, the 
1996) 
geosynthetic deflection 
and the mobilised tension in the geosynthetic as the footing pressure P increases. 
As the fill height H increases, there is an initial increase in the footing settlement, 
which then levels off, indicating that for H>2. Om (or when HID>2), an arch has 
formed in the fill and the footing settlements are limited to those necessary to 
trigger the formation of the arch. The geosynthetic deflections and the mobilised 
tension actually reduce slightly as H increases, reflecting the improved arching 
behaviour, which will transfer the stresses in the fill away from the geosynthetic. 
The footing settlement, geosynthetic deflection and mobillsed tension all increase 
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slightly as B is increased initially, and then reduce. This change in behaviour 
marks the transition from the footing being a strip foundation to a raft 
sufficiently large to bridge the surface settlements resulting from the formation 
of the void. 
No comparison is made with the greenfield settlement behaviour. However 
Agaiby & Jones (1996) have demonstrated that the interaction of a loaded 
footing and a void beneath a reinforced fill layer is evident under certain 
conditions. Consequently there would appear to be scope to undertake a similar 
exercise to the work of Potts & Addenbrooke (1997) and Franzius et al (2004) to 
see if a series of modification factors could be generated. Even if not, assessing 
the extent and type of damage likely to be experienced by any structure built on 
such a site, in the event of a void forming, is vitally important and within the 
scope of this thesis. 
2.8 Arching theory 
Reference has already been made in Section 2.6 to Terzaghi's classical arching 
theory. This is the theory that has been used to develop both the Giroud and 
RAFAEL design methods, and is therefore reviewed in this section. In addition, 
alternative arching theories have been developed by a number of authors for the 
situation of a reinforced piled embankment over soft ground, which bears many 
similarities to the design scenario considered in this thesis. These developments 
are also assessed here. 
2.8.1 Classical arching theory 
If the vertical support beneath part of a soil mass is removed, the soil above it 
will try to move downwards under the influence of its own weight. This 
downwards movement will be opposed by shearing resistance along the 
boundaries of this moving part of the soil mass from the adjacent, stationary, 
parts of the soil mass. This has the effect of reducing the pressure on the yielding 
support, and increasing the pressure on the adjacent soil. This transfer of stress 
from a moving soil portion to the adjacent stationary soil is known as the arching 
effect. 
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Terzaghi (1943) acknowledges that there is some uncertainty about the exact 
shape of the sliding surfaces between the moving and stationary parts of the soil 
mass. The typical general shape is shown below in Figure 2.27. However since 
this shape cannot be described precisely with any certainty, it is assumed that the 
soil shears along vertical boundaries (also shown in Figure 2.27) for simplicity in 
the derivation of Terzaghi's arching equation. This is a conservative assumption 
since it reduces the length of the shearing surface, and therefore reduces the total 
shear forces generated. 
WS 
z 
dz 
Sketch of true 
shear surface 
Assumed shear 
surface 
Ku, tano 
D 
Figure 2.2 7. Sketch to illustrate assumptions for calculation of vertical stress 
in an arching sand (after Terzaghi, 1943) 
Consider the slice of soil directly above a yielding support shown in Figure 2.27, 
and suppose that the soil has a cohesion c, angle of internal shearing resistance 0, 
unit weight y, and that ah = Ka, everywhere in the soil mass. The weight, W, of 
the soil slice is then W= Dydz. Resolving vertically gives: 
D)Idz = D((T, +du,, ) -D o7, + 2cdz + 2Ku, tan Odz (2.16) 
Which simplifies to: 
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Solid base Solid base 
dav 
+2K 
tan ouv 
=)1_2c (2.17) dz DD 
Since u, = w, at the ground surface, i. e. when z=0, this differential equation can 
be solved to give the expression for q, below: 
DOI - 2c / D) 
-2 Kz tan 0 -2Kz tan 0 
2K tan 0 
I-e D+w, e 
D (2.18) 
Equation (2.18) can be used to evaluate the pressure p at the base of a column of 
coliesionless soil of height z=H, which gives equation (2.8a), used in Giroud's 
design method (Giroud et al, 1990). 
An identical approach can be adopted for a disc of soil above a yielding support 
to give the vertical stress in a yielding column of soil under axisymmetric 
conditions, as done by Kezdl (1975), to give: 
DOI - 4c / D) 
-4Ký tan 0 -4 
Kz 
tan 0 z 
4K tan 0 
I-e D+ we 
D (2.19) 
Again, this has been used by Giroud et al (1990), and the RAFAEL research 
team (Blivet et al, 2002, and Villard et al, 2000), to generate equations (2.8b) 
and (2.12). 
2.8.2 Comments on classical arching theory 
Apart from the assumption of vertical shear planes, which has already been 
discussed, there are some limitations to the approach adopted by Terzaghi (1943) 
and Kezdi (1975). It is assumed that the subsiding soil mass is a dry, 
homogeneous and isotropic material, which may not be the case in practice. 
However the most notable limitation, according to McKelvey 111 (1994), is the 
neglect of dilation, the volume change that occurs in soils when subjected to 
shearing. Giroud et al (1990) also note this omission, and observe that a dilatant 
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soil will increase the horizontal stress level in the soil, and therefore increase the 
soil's ability to form an arch. 
Further to these concerns, Handy (1985) observes that the flat slice or disc of soil 
considered in the formulation of the classical arching theory described in Section 
2.8.1 is in fact acting as a lintel, and not an arch. He proposed that a soil arch 
takes the shape of a catenary, which can be detected from the trajectory of the 
minor principal stresses. For a sliding soil mass whose weight is only partially 
supported by friction against an adjacent stationary soil mass, this catenary will 
dip downwards. This changes the transfer of forces at the sides of the arch from 
that of the lintel model, and so Handy (1985) derived a new coefficient for the 
lateral earth pressure coefficient, K,: 
Ký, = 1.06(cOS2 0+K, sin 20) (2.20) 
Where O= 45'+(0/2) and K, is the coefficient of active lateral earth pressure. 
According to McKelvey III (1994), this value K, can simply be substituted for K 
in Terzaghi's equation (2.18) or Kezdi's equation (2.19) to compute the vertical 
stresses in a soil mass arching in the form of a catenary rather than a lintel. 
Terzaghi (1943) observes that experimental data suggests that the stress 
distribution in the soil appears 
to be unaffected beyond a 
distance of 2.5D above the H-H. Pis of equa ... ettleme original level of the yielding 
------------ 
support. McKelvey 111 (1994) ........... 
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that the relative observes 
settlement between the Aha 
Figure 2.28: Illustration of reduction of 
moving soil mass above the 
differential settlement above centreline of yielding support and the 
void (after McKelvey 111,1994) adjacent stationary soil masses 
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reduces as the vertical distance to the yielding support increases, as shown in 
Figure 2.28. If the soil mass is sufficiently deep, eventually there will come a 
point where there is no relative settlement - i. e. there will be a plane of equal 
settlement. The remaining soil above this critical height can be considered to act 
as an extra surcharge load. As a result, McKelvey 111 (1994) proposes that for 
sufficiently deep soil layers, Terzaghi's arching equation should be modified so 
that the vertical stress at the level of the reinforcement, p, is given by: 
D(7-2clD) -MýHc tan 0 -2 
K, H, 
tan 0 
p= 2K,,, tan 0 
I-e D+ (w, +)I(H - H, ))e ' (2.21) 
In addition to Terzaghi's observation that this critical height, H, is 2.5D, 
McKelvey 111 (1994) cites an experimental example where the critical height was 
found to be 2.91D. Not only does this phenomenon have implications on the 
calculation of the vertical pressure at the base of a column of soil subsiding over 
a void, it also has implications for the settlements at the surface. If the fill height 
is sufficient for a plane of equal settlement to exist, then there will be no 
differential surface settlements. 
2.8.3 Analysis of arching in piled embankments 
A number of design methods have been published to analyse the transfer of loads 
onto pile caps and the geosynthetic material spanning between the pile caps in a 
piled reinforced embankment. A 
typical section through such an 
embankment is shown in Figure 
2.29. This situation has a 
number of features in common 
with the case considered in this 
thesis of a reinforced fill layer 
above a void - in both cases 
there are portions of essentially 
unsupported fill, retained by a 
geosynthetic layer, which will 
Jim 
GatWou Thru"O Block Embankmew Fill I 
7' 
Cssiblo 
18lock 
c Poe 
1. 
Highly ýompossibjo 
St oft Soil 
End BerAing Piles 
'11mosigh Soft Material 
Figure 2.29: A cross-section through a 
typicalpiled embankment (after Kempton 
et al, 1998) 
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try to arch in order to transfer the loads to more stable supports (either the 
competent material in which the void has formed or the pile caps, as the case 
may be). 
As in the design of a fill layer above a void, it is necessary to estimate the 
vertical load carried by the geosynthetic. Various approaches have been taken, 
and are reviewed and assessed by Love & Milligan (2003). It is assumed 
generally that a square piling layout is used, with a centre-to-centre spacings. 
The pile caps are assumed to be square and of width a, as shown in Figure 2.30. 
Either a single sheet of a biaxial 
pile C. P"tAj'. ' 
C--Y'*hOiC SP-ning 
geosynthetic or two orthogonal ,o in Two Dinvensim 
a layers of a uniaxial material are 
placed across the top of the pile 
caps. It is assumed that the soft 
subsoil is incapable of 
RIC providing any vertical support 
to the geosynthetic and 
Figure 2.30: Three dimensional 
overlying fill, and that the 
representation of the piled embankment overlying fill is purely granular 
problem (after Kempton et al, 1998) with no cohesion. 
Four different arching theories, in addition to Terzaghi's approach (as described 
in Section 2.8.1), are available in the literature. These four approaches are the 
Hewlett & Randolph approach, BS8006: 1995, the Carlsson method and the 
Guido method. It should be noted here 
that the British Standard's approach to 
300 designing reinforcement to span pile 
caps beneath an embankment differs 
from the approach to designing a 
reinforced fill layer to span a void in 
that now, if the embankment height is Figure 2.31: The soil wedge 
sufficient, a soil arch is assumed to influencing the geosynthetic 
form in the embankment fill. Hewlett & 
according to Carlsson's method 
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Randolph's approach is described later in Section 2.8.4, but assumes that 
hemispherical arches form between the pile caps. The Carlsson method (Rogbeck 
et al, 1998) assumes that the geosynthetic experiences load from an inverted 
wedge of soil, with an angle of 30' at the apex, as shown in the sketch in Figure 
2.3 1. The Guido method (Jenner et al, 1998) differs from the others in that 
multiple layers of reinforcement are employed within the embankment fill, to 
enhance the transfer of vertical loading 
and therefore improve the arching 
capability of the fill. Therefore the 
900 
----------------- -- -------------- 
geosynthetic reinforcement does not act ---------------- ---------- 
I / 
--------------------------- 
as a tensioned membrane as assumed 
elsewhere. Again, the affected soil mass 
is assumed to take the form of an 
inverted soil wedge, this time with a 
Figure 2.32: Enhanced arching 
approach, used in the Guido 
right angle at the apex. This is method (after Jenner et al, 1998) 
illustrated in Figure 2.32. 
All of these arching theories are reviewed by Horgan & Sarsby (2002), alongside 
Terzaghi's approach, and the predictions generated were compared with the 
results of a series of model tests in the laboratory. The laboratory tests consisted 
of an earth filled steel box (1.105m long by 0.72m wide and 0.56m deep). On 
either side of the base were steel supports, but the central section incorporated a 
trapdoor that was lowered during the tests. The pressure acting on the trapdoor, 
the tensile forces acting in the geosynthetic and the mid-span surface 
displacements were monitored throughout the tests. 
Their findings, in terms of the stress reduction ratio, are presented as a plot in 
Figure 2.33, where the stress reduction ratio is given by p17H (p the average 
vertical stress carried by the geosynthetic). The observed results demonstrate a 
distinct decrease in the stress reduction ratio when HID increases from 1.5 to 1.9, 
suggesting that an arch has formed and that the overburden load is no longer 
reaching the geosynthetic. This result supports the critical height concept 
inherent in the formulation of some of these methods such as the British Standard 
70 
and the Carlsson 1.2 - 
approach. However none 
1 
of the arching theories 
accurately reproduces the 0.8 
extent of this drop, 
although Hewlett & 0.6 
_0 Randolph's approach does 
LO 
2 0.4 
at least predict some rn 
reduction. The Carlsson 
0.2 
and Guido methods 
underpredict the observed 
stress reduction ratio in all 
cases, but the effect is 
particularly significant for 
fill depths less than this 
critical height. Since this 
0 
1.4 
----------------------------- Observed 
G- D -(: ) Carlsson 
A- A -A BS8006: 1995 
L +- +-+ Terzaghi 
X --- X-X Hewlett & Randolph I 
17 -V Guido 
Az --------L---- 
L--------L--------- 
IL------------------ 
V- 
1.6 1.8 
H/D 
Figure 233: Comparison of computed and 
measured stress reduction ratiosjor different 
arching theories (after Horgan & Sarsby, 2002) 
is non-conservative the other approaches are favoured. It should also be noted 
that the British Standard and Terzaghi predict exactly the same stress reduction 
ratio except for the test with HID= 1.43. 
Russell and Pierpoint (1997) conducted a comparison exercise with the results of 
numerical analysis performed using FLAC 31), and four of the arching theories, 
namely the Hewlett & Randolph approach, Terzaghi's method, the British 
Standard BS8006: 1995, and the Guido method. They found again that when 
compared with the results of the numerical analysis, Guido's method consistently 
underpredicted the stress reduction ratio and therefore the stresses that were 
experienced by the geosynthetic. It was also found that the British Standard's 
approach yielded inconsistent results, sometimes overpredicting and sometimes 
underpredicting the results of the numerical analysis. Terzaghi's approach and 
the Hewlett & Randolph approach gave similar results to each other in the cases 
considered, and were the most consistent with the numerical results of the 
approaches considered. 
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Finally, Love & Milligan (2003) undertook a review of the derivation of these 
same approaches, omitting Terzaghi's. They found significant shortcomings with 
the British Standard and Guido methods. The British Standard method is based 
on a 2D geometry, with a crude and questionable adjustment for 3D conditions - 
the average pressure on the pile caps computed for 2D conditions is simply 
squared for the 3D case - and it does not satisfy vertical equilibrium. The Guido 
method is derived from the results of laboratory plate loading tests on geogrid 
reinforced sand in a confined, rigid box - Jenner et al (1998) assume that the 
situation of an embankment supported on piles is similar but inverted. This 
ignores the fact that in the case of a footing, gravity is acting in the same 
direction for both the load applied by the footing and the self-weight of the soil, 
whereas in a piled embankment the reaction provided by the pile cap acts in the 
opposite direction to the self-weight of the soil. In the footing scenario, gravity 
will push the footing into the soil, which is confined in a rigid box. But in the 
case of a piled embankment, gravity is pushing the soil onto and around the pile 
cap, which has no confining effect on the soil in the area of the arch. The 
approach taken by Jenner et al (1998) also assumes some degree of support from 
the underlying soil, which makes it inappropriate for the general design case. In 
contrast, the Hewlett & Randolph approach is developed from rigorous theory, 
and is based on the observed results of model tests. 
The findings of Horgan & Sarsby (2002), Russell & Pierpoint (1997) and Love & 
Milligan (2003) all indicate that the preferred arching theory should be that of 
Hewlett & Randolph, which is therefore described more fully in the following 
Section 2.8.4. It should be noted that where comparisons were undertaken with 
Terzaghi's method, almost identical results were predicted by Terzaghi and 
Hewlett & Randolph (Horgan & Sarsby, 2002 and Russell & Pierpoint, 1997). 
2.8.4 Hewlett & Randolph's approach 
Hewlett (1984) and Hewlett & Randolph (1988) derived theoretical solutions for 
granular, free-draining soil. These solutions consider the limiting equilibrium of 
stresses in a domed region of sand between pile caps, as illustrated in Figure 
2.34, based on mechanisms observed for model tests. As a result of the model 
tests under plane strain conditions it was observed that the weakest point in a soil 
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arch is at the crown. However in the three dimensional case there are four arches 
spanning onto one pile 
cap, which generates the 
possibility of a bearing 
failure occurring at the 
pile cap. Hewlett & 
Randolph (1988) 
therefore propose that in 
the three dimensional case S 
the conditions at the 
crown of the arch and at 
J-a a 
the pile cap are considered 
separately, and the worst 
case should be the one Figure 2.34: Arrangement of arches spanning 
pile caps (after Hewlett & Randolph, -1988) used for design. 
2.8.4.1 Conditions at the crown of the arch 
q, 
Conm Otuxwuwe 
of 40y" crown 
Figure 235: Detail of an 
element of arched sand at 
the crown of a dome (after 
Hewlett & Randolph, 1988) 
Consider the section through the crown of an 
arch shown in Figure 2.35. By resolving 
vertically for the forces acting on this section it 
can be shown that: 
, 
quR 
+2- 
2K, 
Rý -7 (2.22) 
c9R R 
Where Kp is the Rankine passive earth pressure 
coefficient relating ao to a, as follows: 
Kp = 
uo 
_1 
+sino (2.23) 
UR 1-sino 
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Hewlett & Randolph (1988) observe that the dome is approximately 
hemispherical, with a longest radius equal to half the diagonal spacing of the 
piles. The arch with the longest radius will be the weakest, as it has to span the 
furthest distance. If we consider a hemispherical soil arch, this radius of half the 
diagonal pile spacing is the maximum possible radius of the hemisphere - any 
greater and neighbouring arches would intersect, which Hewlett (1984) has 
shown to be impossible. A sketch of a diagonal section through a pile cap and 
dome crown is shown in Figure 
2.36. The vertical load at the 
crown of the arch is equal to the 
overburden from the fill 
material, which yields the first 
boundary condition given 
below. The second boundary 
condition considers the 
minimum possible radius of the 
soil arch spanning diagonally 
across the pile grid, or the inner 
radius - any smaller than this 
and the arch won't reach the 
Awftd s4nd 
Rw AW2 
sa Qj +1((S-a)19(2 
Figure 236: Sketch through a diagonal 
section through a pile cap and dome 
crown 
pile cap. 
Thus the two boundary conditions are: 
At Router ýsI F2 ; 
At R,,,,, = (s -a)/ 
F2 ; 
(TR(outer) ý 7(H - sF2) 
CR(inner) ý 07i 
(2.24a) 
(2.24b) 
An expression for (Ti can then be found by solving equation (2.22) subject to the 
boundary conditions (2.24a) and (2.24b). This being the stress at the underside of 
the crown of the arch, the vertical loadp acting on a geosythetic sheet at the base 
of the arch directly below the crown is given by the sum of ci and the weight of 
fill material beneath the arch, as shown below in equation (2.25): 
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p= o7i +7(s- a) I 
V2 (2.25) 
Incorporating the expression for ai into equation (2.25) yields the following full 
expression forp: 
p= 
y(s - a) 2KP -2 s-a 
)2KP-2 
H-s 
2KP -2 (2.26) T2 2KP -3 , 
[2- 2Kp3s 
2.8.4.2 Conditions at the pile cap 
In the case of the crown of the arch, the weakest arch was the crucial factor in 
deciding the geometry of the arch. Conversely, to prevent a bearing failure at the 
pile cap, the strongest arch, i. e. that which will transfer the most load to the pile 
cap, must be considered. This will be the arch with the shortest span, which is 
between adjacent pile caps. The geometry of the domes shown in Figure 2.34 
indicates that this arch can be considered to be under plane strain conditions, as it 
forms the boundary between adjacent domes and therefore the forces acting 
across this boundary are equal in magnitude and opposite in direction. 
crr 4(rr 
+ 
Figure 2.3 7. - Detail of an arched 
element of sand at the level of the 
pile cap (after Hewlett & Randolph, 
1988) 
Consider the section through an arch 
at the level of the pile caps shown in 
Figure 2.37. By resolving radially for 
the forces acting on this element, it 
can be shown that: 
07, =0 (2.27) 
ar 
In this case, the smallest radius that will span onto a pile cap is given below in 
equation (2.28). At the edge of the pile cap, the radial stress is horizontal, and 
equal to the pressurep acting at the level of the pile cap, or geosynthetic, due to 
the weight of fill beneath the soil arch. This gives the following boundary 
condition: 
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At rinner = (s -a)12; ý7r(inner) = Kpp (2.28) 
Equation (2.27) can be solved subject to the boundary condition (2.28) to give: 
Kpp s-a 
ý 
2r 
(2.29) 
The force F on the pile cap is found by integrating the value of (To over the area 
of the pile cap, assuming that q, 9 remains equal to Kpu,, that four arches span 
onto each pile cap (as shown in Figure 2.34), and that the plane strain 
formulation for the arches means that a factor of (s-2r) needs to be applied to 
limit the integration to the area of the top of the pile caps only. F can be found as 
follows: 
s12 I (1-K ) 
F=4 j (Kp )2pýS-a (s - 2r)dr (2.30) 
(s -a)/ 2 
2r 
For overall equilibrium, the total overburden load at pile cap level must be equal 
to the sum of the load carried by the pile caps, F, and the load carried by the 
geosynthetic spanning between the piles. This means that the following condition 
must be satisfied: 
s 
'; 
v + (S2 
2) H=F P -a 
Substituting the solution to equation (2-30) into equation (2.31) yields the 
following full expression forp: 
)1H 
2Kp s-a a)(I +Ka +ýJ- a 
Kp +1 
(ssss (2.32) 
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2.8.4.3 Implementation 
As noted previously, Hewlett & Randolph (1988) recommend using the largest 
value of p calculated using equations (2.26) and (2.32) for the design of the 
geosynthetic, as this will prevent failure at both the crown of the arch and pile 
cap level. 
This analysis of soil arching is derived specifically for the situation of soil arches 
in embankment fill spanning onto pile caps. In this formulation the extent of the 
arched soil is controlled by the size of the pile caps - each arch is assumed to 
have a thickness of a12. This is due to there being four arches spanning onto each 
pile cap. In the case of a reinforced fill spanning a void, there is no such physical 
limit to the extent of the arched soil if the void forms in a competent material. 
Therefore the boundary conditions used to solve the differential equations (2.22) 
and (2.27) will be different and the final equations (2.26) and (2.32) will need to 
be modified accordingly. This can only be done if it can be demonstrated that 
there is a consistent limit to the zone of arching soil which can be used to define 
the new boundary conditions. 
As with Terzaghi's approach, Hewlett & Randolph (1988) make no allowance 
for dilation in the fill material during shearing, and this fill material is assumed to 
be drained, homogeneous and isotropic, so there is no advantage over Terzaghi's 
simpler approach in these respects. Above the level of the crown arches, the 
loading regime in the embankment fill will be unaffected by the presence of the 
piles and the unsupported regions between them, and therefore there should not 
be any differential settlements above this level. 
2.9 Summary 
The literature review has identified several areas of uncertainty with regard to the 
design methods currently available in the literature for designing geosynthetic 
reinforced fill layers above voids. These relate to various different aspects of the 
design and behaviour of such a system, and can be grouped under the following 
headings: 
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2.9.1 Shape of the deflected geosynthetic 
Is the shape of the deflected geosynthetic circular or parabolic? Both hypotheses 
are supported by the literature. For small geosynthetic strains, up to 5%, Lawson 
et al (1994) have demonstrated that this choice makes little difference, but for 
larger strain levels it might. 
2.9.2 Soil arching 
In what, if any, circumstances is it appropriate to assume that a soil arch will 
form in the fill material above the void? The literature suggests that the HID ratio 
is a critical factor in the formation of a soil arch, but other influences are the 
degree of support provided by the foundation material beneath the geosynthetic 
(the more rigid it is, the more likely it is that an arch will form), the nature of the 
fill material used and its level of compaction, and the presence of any external 
loads. Where a structure is being designed to bridge a void for any length of 
time, it is also necessary to determine any conditions that may change in the long 
term that could affect the stability of a soil arch, such as a rising ground-water 
table, vibrations, or soil degradation in the fill. It may not always be appropriate 
to assume that any soil arch that might form will be able to survive for the 
lifetime of the structure. 
If it is determined that the conditions are favourable for a soil arch to form, then 
it must be decided how to analyse this arch. This may depend on the shape of the 
zone of subsidence - Terzaghi's analysis requires this zone to be restricted to the 
material directly above the void. Hewlett & Randolph's approach may be more 
generally applicable, but needs modification as new boundary conditions need to 
be formulated for the case of a reinforced fill layer spanning a void. 
2.9.3 Shape of zone of subsidence 
Is the shape of the zone of subsidence cylindrical or funnel-shaped? The 
literature available currently generally seems to prefer the cylindrical hypothesis, 
with the exception of the British Standard BS8006: 1995. Terzaghi (1943) notes 
that the extent of the subsiding soil at the surface is slightly wider than the width 
of the void, but the difference is not as significant as that proposed in the British 
Standard. Perhaps an approach such as that advocated by Cook (1989), where the 
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shape changes with time (from a cylinder in the short term to a funnel in the long 
ten, n) would be more reasonable? 
2.9.4 Surface settlements 
Very little of the available literature deals with the surface settlements. It needs 
to be decided if it is appropriate to make an allowance for any expansion in the 
fill during shearing as it subsides. Only the RAFAEL method considers this 
phenomenon, however their approach to it is very simplistic, and in some cases 
can predict heave at the ground surface above a void (see Section 2.6.4.4). 
If an arch is considered to form, the settlements seen at the surface will be further 
reduced. If Terzaghi's approach is used, and the fill layer is sufficiently deep for 
a plane of equal settlement, as defined by McKelvey III (1994), then there will be 
no differential surface settlements. If a modified version of Hewlett & 
Randolph's approach is considered more appropriate, then the differential surface 
settlements will also be zero if the fill layer is sufficiently deep for an arch to 
form. 
2.9.5 Multiple layers of reinforcement 
Experimental studies undertaken in the laboratory by Neogi (199 1) and Schwerdt 
et al (2004) have demonstrated measurable benefits due to the use of more than 
one layer of reinforcement. However the numerical parametric study undertaken 
by Lawson et al (1996) using the finite difference code FLAC found that no 
benefit from using multiple layers of reinforcement could be discerned. However 
unlike the experimentalists, Lawson et al (1996) did maintain the same total 
tensile stiffness and strength for all layers of reinforcement, by reducing these 
values as the number of layers increased. 
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Chapter 3 
Research Strategy 
The particular problem to be addressed by this study, described in Chapter I of 
this thesis, is that of redeveloping brownfield sites with a significant depth of 
potentially collapsible fills. Where low-rise construction is planned on such sites, 
it is frequently too expensive to excavate the full depth of unengineered fill, or to 
provide deep foundations to more stable soil or rock beneath. It is proposed that a 
geosynthetic reinforced fill layer above the potentially collapsible soil could act 
as a load transfer platform, and thereby reduce the damage to any structure 
present at ground level to an acceptable level in the event that some collapse 
occurs beneath the reinforced fill layer during the structure's lifetime. 
3.1 Overview of research problem 
In such a situation, the worst case is that a void forms in the unengineered fill 
directly beneath the reinforced fill layer, or forms at depth and propagates 
upwards to this level. Therefore this project considers the specific scenario of a 
reinforced fill layer lying 
immediately above a void. 
The design scenario of 
interest, identified in 
Section 2.1, is shown in 
the sketch in Figure 3.1. 
For the purpose of design, 
it is necessary to limit the 
surface defonnations, in 
particular the differential 
D, 
Void 
Figure 3.1: Sketch of design scenario 
considered in this research project 
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surface settlements, since these will determine the severity of the damage to any 
structure located at ground level. This requires D, and d, illustrated in Figure 
3.1, to be assessed. Generally some restriction on the allowable differential 
settlements will be imposed, chosen to limit the damage to any structure to an 
acceptable level. This is used as the input to any design process. From this input, 
it is necessary to be able to predict the stress and strain levels that the 
geosynthetic reinforcement must be capable of sustaining in this situation, to 
allow the selection of a suitable geosynthetic material. 
Three different design methods for such structures have been identified in the 
course of the literature review in Chapter 2. The discrepancies between these 
design methods have been identified as follows: 
e The shape of the deflected geosynthetic. 
9 The existence of any arching behaviour in the reinforced fill layer, and, if 
arching occurs, the exact nature of the arching behaviour. 
* The shape of the subsiding fill mass above the void. 
* The magnitude and distribution of surface settlements. 
This research project aims to investigate these aspects of the behaviour of a 
reinforced fill layer above a void, in order to assess the different design methods 
and, if applicable, suggest improvements. This aim is most readily achieved 
using numerical analysis, as the output provides details of stresses, and strains in 
all components of the system. It is also relatively straightforward to undertake a 
parametric study where each variable is considered separately using a finite 
element model, thereby allowing the influence of each variable to be assessed. 
The detailed results from such a study can then be used to investigate thoroughly 
the mechanisms involved, so that the behaviour of the system as a whole can be 
understood. More details of the numerical analysis techniques used in this project 
are given in Section 3.2. 
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However the numerical analysis approach is not perfect. A number of 
simplifying assumptions are made in order to use this technique. It is not 
possible, for example, for finely sized fill material to fall through the apertures in 
a geosynthetic in a finite element model, or for holes to open up beneath a zone 
of arching soil (a possibility considered by Hewlett & Randolph, 1988). These 
simplifications, described in more detail in Section 3.2, could have a significant 
impact on the behaviour of a reinforced fill layer in the field. Therefore before 
undertaking any study using the finite element method, it is necessary to 
establish that this analysis method is capable of producing realistic results. This 
is done by analysing an example of the problem in question with measured field 
data using the finite element method, and then comparing the field measurements 
with the finite element results. The approach adopted in this study is described 
more fully in Section 3.3. 
3.2 Finite elements and constitutive modelling 
Before proceeding with the parametric study, or any validation exercises, it is 
necessary to understand the assumptions involved in the finite element 
formulation, as well as the benefits that it offers as an analytical tool. This 
section describes the advantages of the finite element method and its basic 
formulation. Those aspects particularly relevant to this study are also described 
in more detail, such as the membrane elements used to model the geosynthetic 
reinforcement and the large displacement formulation. 
3.2.1 Analytical methods 
The analysis of any engineering structure has certain requirements. The solution 
should, ideally, satisfy the following criteria (Potts & Zdravkovic, 1999): 
& Equilibrium: The transmission of forces through a continuum is 
quantified using the concept of stress (force per unit area). The manner in 
which the stresses vary throughout an element (ignoring inertia and all 
body forces except self-weight) must satisfy the following equations, 
written for the three co-ordinate directions x, y and z of a general three- 
dimensional stress space: 
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au- + ", -Y,, + ar- = ax ay az 
,"a, ,=0; 
a -ýz 
, 
Lry-z a (Tz 
+ 
ax ýy az ax ay az 
(3.1) 
Where )/ is the self-weight of the material, acting in the z direction and 
C', 0x7,, q-, r -c is the vector of component stresses. 
Compatibility: Compatible deformation requires no overlapping of 
material and no generation of holes. Mathematically this is achieved by 
considering strains to be the differentials of displacements, given by a 
continuous function, as follows: 
(3u av a-w ex = __; 
cy = --, cz = --. 
ax ay az 5 
C'v 
au üw au üw av 
(3.2) 
7,7"z - -- - -; ax ýy ax az ýy az 
Where u, v and w are the displacement components in the x, y and z 
directions respectively and ey, c, is the vector of 
component strains. 
Constitutive behaviour: This is a description of the material behaviour, 
which usually takes the form of a relationship between the stresses and 
strains, thereby providing a link between equilibrium and compatibility. 
This can be expressed using the following relationship, where [D] is the 
constitutive matrix: 
ýAorý = [D]ýAcý (3.3) 
Boundary conditions: In addition to the above requirements, it is also 
necessary to satisfy any boundary conditions for both force and 
displacement. 
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A variety of methods of analysis are available to solve engineering problems 
(Potts & Zdravkovic, 1999). These include closed forin solutions, limit 
equilibrium techniques, stress field analysis, limit analysis and beam-spring 
approaches. The ability of these techniques to satisfy the solution requirements 
listed above is shown in Table 3.1. 
SOLUT ION REQUIREMENTS 
METHOD OF 
ANALYSIS Equilib- Compat Constitutive 
Boundary 
rium ibilit B h i conditions - y e av our Force Disp 
Closed form S S Linear elastic S S 
Limit equilibrium S NS Rigid with a S NS failure criterion 
Stress field 
S NS Rigid with a S NS failure criterion 
Limit 
analysis 
Lower 
bound S NS Ideal plasticity S NS 
Upper with associated 
bound NS S flow rule NS S 
Beam-Spring Soils modelled by 
approaches S S springs or elastic S S 
interaction factors 
Full numerical S S Any S S analysis 
N- satistied; NS -not satistied 
Table 3.1: Basic solution requirements satisfied by the various methods of 
analysis (after Potts & Zdravkovic, 1999) 
Closed form solutions are only available for materials that behave in a linear 
elastic manner. Limit equilibrium, stress field and limit and beam-spring analyses 
are all subject to simplifying assumptions which can lead to severe limitations 
when applied to complex boundary value problems (Potts & Zdravkovic, 1999). 
Table 3.1 demonstrates that the only analysis technique capable of satisfying all 
of the solution requirements for any type of material behaviour, albeit 
approximately, is full numerical analysis. This term incorporates both the finite 
difference method and the finite element method. 
3.2.2 Finite Element Method 
The finite element method involves the following steps: 
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Element discretisation: The problem domain is subdivided into small 
regions called finite elements. These finite elements have nodes defined 
on their boundaries. If an element has only comer nodes, element sides 
are straight. The use of mid-side nodes allows the element sides to be 
curved. In the analyses presented in this thesis, eight-noded quadrilateral 
elements were used to represent the fill material, three-noded line 
membrane elements were used to model the geosynthetic, and six-noded 
zero-thickness interface elements were used where a soil/geosynthetic 
interface was needed. These are described more fully in Section 3.2.2. 
Primary variable approximation: It is necessary to select a primary 
variable and most finite element formulations adopt displacement for this 
purpose. This means that in a 2D analysis each element node will have 
two independent displacement components, or degrees of freedom, u and 
v in two co-ordinate directions, and in a 3D analysis there will be three 
degrees of freedom, u, v and w. The variation of displacement over each 
finite element must be prescribed, in a manner that doesn't contradict the 
compatibility criteria. In ICFEP this is done using shape functions (Potts 
& Zdravkovic, 1999), which are used to compute the displacements jAdj 
of any point in the element from the element nodal displacements, in the 
following manner: 
jAd I= [N]ýAdE 1, (3.4) 
Where [A] is the matrix of shape functions and fAdE), are the element 
nodal displacements. 
Isoparametric elements, in which the same shape functions are used to 
describe the geometry and the displacements, were used in all of the 
analyses presented here. 
Element equations: These govem the deformational behaviour of each 
element. They can be derived from the principle of minimum potential 
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energy, which states that the static equilibrium position of a loaded linear 
elastic body is the one that minimises the total potential energy. From this 
derivation it follows that: 
[KjAdEjý ý IARE 1 (3.5) 
Where [KE] is the element stiffness matrix, jAdEj, is the vector of 
incremental element nodal displacements, and JAREJ is the vector of 
incremental element nodal forces. [KE] is formed by integrating the 
product [B]T [D][B], where [B] is the strain matrix that links element 
strains with element nodal displacements, i. e. JAEJ =[B] ýAdEj, and [D] is 
the constitutive matrix, as in equation (3.3). Numerical integration is 
performed using a Gaussian integration scheme. Reduced, 2x2, 
integration has been used in all of the analyses presented in this thesis. 
Global equations: For linear materials, the element equations (3.5) are 
combined to give the global equations: 
[KG ]ýAd 
G 
In 
ý 
ý"ý'RG ý 
(3.6) 
Where [KG] is the global stiffness matrix, jAdGj, is the vector of all 
incremental nodal displacements, and JARGI is the vector of all 
incremental nodal forces. Prescribed nodal forces are incorporated into 
ýARGI while prescribed nodal displacements are incorporated into jAdGj. 
The global equations are solved using Gaussian elimination and matrix 
decomposition. 
For non-linear materials, the constitutive matrix D depends on the stress 
and/or strain level, and so the solution algorithm has to be adapted 
accordingly. This is normally done by applying the load in smaller 
increments, which reduces the global equations (3.6) to the incremental 
form: 
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[KG ]'ýAdG lin ý WG li (3.7) 
Where [KG]' is the incremental global stiffness matrix, fAdGý', is the 
vector of incremental nodal displacements, and IARG)i is the vector of all 
incremental nodal forces. The final solution is obtained by summing the 
results of each increment. The solution to equation (3.7) is not 
straightforward and different strategies exist. ICFEP employs an accurate 
modified Newton-Raphson (MNR) strategy, with an error controlled sub- 
stepping stress point algorithm (Potts & Zdravkovic, 1999). 
3.2.3 Element types and constitutive models used 
The components that need to be modelled in this analysis are the underlying 
foundation soil, in which the void forms, the geosynthetic material, and the 
overlying fill. 
3.2.3.1 Solid elements 
The soil materials - the foundation soil and the overlying fill - are modelled 
using eight-noded isoparametric quadrilateral elements in ICFEP, as described in 
Section 3.2.1. Both soil types were modelled as elastic-perfectly plastic materials 
with a Mohr-Coulomb failure criterion given by: 
z- = c'+u, tan 0' (3.8) 
Prior to the onset of perfect plasticity the deforination of the soils is governed by 
a constant Young's modulus E and Poisson's ratio p. 
3.2.3.2 Membrane elements 
Relative to the soil layers in the system, the geosynthetic layer is very thin, and 
can be modelled using membrane elements. Such elements only permit forces to 
act in the plane of the membrane, and not perpendicular to it, as shown in Figure 
3.2. They cannot transmit bending moments or shear forces (Potts & Zdravkovic, 
1999). The membrane elements used in this analysis are three-noded 
isoparametric line elements. They have elastic-perfectly plastic behaviour, 
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yielding when the axial 
tension force reaches a 
value T,,,, and constant 
tensile stiffness J. The 
constitutive behaviour of 
these elements is given by 
the following relationship: 
ý' '\AF Aý AFv 
Figure 3.2: Forces in a membrane element 
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(3.9) 
Where: AF, AFV, = Forces acting in the plane of the membrane, in the axial 
direction and perpendicular to the axial direction 
respectively 
J= Tensile modulus of the membrane 
A= Cross-sectional area of membrane, in the axial direction 
(in this case, membrane thickness tx1.0m) 
Poisson's ratio of membrane 
A, -, A, -v = Strains in the plane of the membrane, in the axial direction 
and perpendicular to the axial direction respectively 
This approach assumes that all of the material above would be retained by the 
geosynthetic in this situation. In practice this would most likely be achieved by 
placing a geomembrane beneath the lowest level of geogrid reinforcement to 
prevent the loss of material in the event of a void forming beneath. Placing a 
geomembrane above the geogrid would inhibit the interlock of particles into the 
geogrid and thereby reduce its effectiveness. 
3.2.3.3 Interface elements 
The use of continuum elements results in compatible displacements at all of the 
nodes along the boundary of these materials, and prevents the soil and the 
geosynthetic from being able to move relative to each other. As a consequence, 
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Figure 3.3: Interface elements to 
model soil-structure interaction 
(after Potts & Zdravkovic, 1999) 
this prevents the geosynthetic from 
"pulling-out" from the soil mass into 
the void, which may not be realistic. 
These restrictions can be eliminated 
using interface elements. In some of 
the analyses performed during the 
course of this study, zero-thickness 
six-noded isoparametric interface elements were used, of the type shown in 
Figure 3.3. The nodes on each side of the interface element are free to move 
separately, unless specified otherwise. The strains within an interface element are 
defined as the differences in displacements between nodes on opposite sides of 
the interface element. 
An elastic-perfectly plastic constitutive model has been used in the analyses 
presented here, with the deformations governed by constant shear and normal 
stiffnesses k, and k,,. The onset of plastic behaviour is again governed by a Mohr- 
Coulomb failure criterion of the type given in equation (3.8). 
3.2.4 Large displacement analyses 
Usually the deflections calculated during the course of a numerical analysis are 
very small compared to the scale of the problem being analysed, and so the mesh 
does not need to be updated to reflect the resulting change in geometry. However 
in this case, if the mesh remains unchanged throughout the analysis then the 
tensile forces acting in the geosynthetic layer will remain purely horizontal. This 
will not enable the geosynthetic to act as a membrane and resist the applied 
vertical loads. This is illustrated in the sketch shown below in Figure 3.4. 
Orientation of membrane force T during: 
I 
T 
(a) small displacement analyses (b) large displacement analyses 
Figure 3.4: Sketch comparing the orientation of membraneforces in small and 
large displacement analyses 
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Large displacement analysis, in which the mesh is adjusted at the end of each 
increment for the calculated changes in geometry, has therefore been used. This 
allows the vertical component of the axial force, Ty, developed in the membrane 
as it deflects to be taken into account, and resist the load from the fill material 
above. 
3.2.5 Construction and excavation 
In some of the cases analysed, the fill layer is constructed above a pre-existing 
void, and in other cases the void is formed only after the full fill layer has been 
constructed. The processes by which this is done are outlined below. 
3.2.5.1 Construction 
The elements to be constructed must initially be generated in the mesh - however 
they must be deactivated (in this case by excavation) before the first increment of 
analysis. They are then reactivated as they are constructed. In this case the fill 
layer must be constructed in stages, to correctly model the stress history. In these 
analyses each sub-layer of the fill is constructed over two increments - in the 
first, the layer of elements is constructed without weight, and in the second self- 
weight body forces are applied. This two-stage procedure is necessary in large 
displacement analyses because during their reactivation the solid elements do not 
have their full strength and stiffness properties at the beginning of the increment 
in which they are constructed. Therefore excessive deformations will occur if the 
body forces are applied at the same time. At the end of the construction 
increment, the newly constructed elements adopt their full strength and stiffness 
properties and can therefore sustain the application of self-weight in the next 
increment. As the elements are reactivated, the mesh increases in size and the 
boundary conditions are modified accordingly each time that a new sub-layer is 
reactivated. 
3.2.5.2 Excavation 
As noted in the previous section, it is necessary to deactivate the elements in the 
fill layer prior to the start of the analysis, in order to model its construction so 
that the correct stress regime in the fill will be induced. The initial stresses and 
boundary conditions are formulated for the mesh without these elements. 
90 
In some of the analyses, the void is excavated prior to the construction of the fill 
layer. In these cases, the elements in the void are deactivated at the same time as 
the fill layer. In the remainder of the analyses, the void is excavated after 
construction of the fill layer. In the latter case, in order to facilitate numerical 
convergence using the MNR algorithm, the void is excavated over a number of 
increments. This means that the nodal forces along the new boundary (created 
when the void elements are excavated) are calculated, and applied as reactions R 
along this boundary. The excavation is modelled by progressively reducing these 
reactions over i increments by a value of Rli in each increment. 
3.3 Strategy for validation of finite element analysis 
As noted at the end of Section 3.1, it is necessary to demonstrate that the finite 
element method produces realistic results for this type of problem. In order to do 
this, it is necessary to analyse a similar structure, for which field measurements 
are available, so that the finite element output can be compared with the 
measured field data. 
In this case, the literature review did not identify any suitable instrumented field 
tests for reinforced fill layers above a void. Therefore it was not possible to 
simply perform one set of analyses for comparison. The use of membrane 
elements to model the reinforcement properties of geosynthetic materials is 
assessed using a case history of a reinforced embankment over soft ground. The 
reinforced embankment case is essentially a reinforced fill layer, albeit of limited 
extent, but unlike the design scenario considered in this thesis the support from 
the foundation soil is continuous beneath the embankment. Whilst the ability of 
ICFEP to correctly model the reinforcement provided by the geosynthetic can be 
validated in this way, not all aspects of fill and geosynthetic behaviour relevant 
to this project are covered by this example. This includes the arching in the fill, 
and the high level of locallsed distortion experienced by the geosynthetic above 
the void, both of which are highly significant factors in the behaviour of a 
reinforced fill layer above a void. 
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In the absence of any case histories more relevant to the scenario being 
considered in this thesis, a series of model tests have been performed in the 
laboratory. These tests are conducted in a large box with a moveable section in 
the base, which can be lowered to mimic the formation of a void. During these 
tests the surface settlements are monitored, so that the development of any 
surface settlement trough can be seen as the platforin at the base of the box is 
lowered. Material testing has been undertaken to determine suitable parameters 
to use in order to model the different materials in this system numerically. The 
tests have then been modelled numerically using ICFEP. The validity of using 
finite elements to model a reinforced fill layer above a void is demonstrated by 
comparing the computed surface settlements with those recorded in the tests. 
Both reinforced and unreinforced tests have been performed and analysed so that 
the influence of the geosynthetic can be isolated. 
In principle, if the results of the model tests match reasonably well with the 
output from the finite element analysis of the model tests, this should be 
sufficient to validate the finite element approach. However the model tests are 
relatively simplistic and the only results obtained are surface settlement profiles, 
so it is desirable to also validate the results of the reinforced embankment case 
history, for additional reassurance. The details and modelling of both the 
reinforced embankment case history and the model testing are described in 
Chapter 4 of this thesis, before the full details of the parametric study that forms 
the basis of this research project are given in Chapter 5. 
3.4 Summary 
A parametric study, using finite element analysis, is deemed to be the best means 
by which to investigate the influence of a range of parameters on the behaviour 
of a geosynthetic reinforced load transfer platform above a void. The relative 
case with which a parametric study can be undertaken, the wide range of 
potentially influential factors that can be investigated, and the level of detail 
provided by the output are the principal reasons for this decision. However a 
number of assumptions are inherent in the finite element formulation, and so it is 
necessary to establish that the results are still realistic. To demonstrate this, a 
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case history of a reinforced embankment on soft ground has been analysed, and a 
series of model tests have been performed and analysed, in order to validate these 
assumptions. This work is described fully in Chapter 4. 
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Chapter 4 
Validation of Numerical Approach 
Prior to the commencement of the parametric study, which is to form the major 
component of this research progranime, it is necessary to validate the approach 
taken in the numerical analysis. This consists principally of using the finite 
element method to analyse a reinforced fill layer, and in particular using 
membrane elements to model the geosynthetic. Details of the finite element 
method are given in Chapter 3, and the modelling approach for the parametric 
study is described fully in Chapter 5. 
Validation of this approach was achieved by two means. Since it was not 
possible to find any case history data for the perfon-nance of a reinforced fill 
layer above a void in the literature, it is not possible to compare numerical and 
field test results for the exact design scenario considered in this thesis. However 
there are several documented cases of reinforced embankments on soft ground, 
which is a similar scenario in terms of modelling the reinforced fill layer at least. 
Consequently a series of instrumented test embankments have been modelled 
numerically, and the results of the field tests are compared with the numerical 
analysis output. This work is described in the first part of this chapter. 
To check that the analysis approach is still applicable when the reinforced 
embankment has no support beneath, a series of model tests have been 
conducted. These tests were performed in a specially designed box with a 
trapdoor opening mechanism at the base. The equipment and test method are 
described fully in this chapter. The measurements taken during the course of 
these tests are compared with numerical analysis of the model tests, to ensure 
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compatible behaviour is seen in both cases. In order to do this, material testing 
was required to establish suitable material parameters for the numerical analysis 
of the model tests. The details of this material testing are given in Appendix A. 
In addition to directly validating the numerical analysis approach, the series of 
model tests investigate some of the variables considered in the later parametric 
study, and so can be used to provide confirmation of the behaviour of the system 
as a whole. 
4.1 Numerical analysis of a geosynthetic reinforced 
embankment on soft ground 
In order to confirm that finite element analysis, particularly the use of membrane 
elements to model geosynthetic reinforcement, can accurately predict the 
response of geosynthetic reinforced fill, a series of instrumented field tests have 
been modelled numerically, and the output compared with the results of the field 
tests. The numerical analysis has been performed using the Imperial College 
Finite Element Program (ICFEP) - the relevant details of the program are given 
in Chapter 3 of this thesis. 
4.1.1 Details of chosen case history 
Three embankments were built on soft Bangkok clay on the campus at the Asian 
Institute of Technology (AIT). One of these embankments was reinforced at the 
base with a single layer of high strength geotextile (referred to as the HGE 
embankment). Another was reinforced using multiple layers of low strength 
geotextile (MGE embankment), and the third was unreinforced, and used as a 
control embankment (CE embankment). Cross-sections through all three 
embankments are shown in Figure 4.1. The construction and monitoring of these 
three embankments are described in Bergado et al (1994), and Bergado et al 
(2002). Finite element analysis of the CE embankment using the program CRISP 
is reported in Chal et al (1997), and Bergado et al (2002) report the results of 
finite element analysis of all three embankments using PLAXIS version 6.0. This 
particular example was chosen for this exercise because the foundation soil did 
not contain any organic or rate sensitive soils, nor are there any other 
complications not directly relevant to this study, unlike some of the other case 
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histories considered. Also the numerical analysis already undertaken by others 
means that material parameters are readily available for the analysis undertaken 
here. 
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Figure 4.1: Cross-sections through the three embankments constructed at AIT, 
Bangkok (after Bergado et al, 2002) 
The embankments are founded on soft Bangkok clay. The top 0.2m was removed 
and the surface levelled prior to the start of construction. A canal was dug along 
one side of the embankments, to reduce the amount of material needed to fail the 
embankment and also to ensure that failure would occur on that side. The 
position and dimensions of this canal are shown in Figure 4.1. The embankments 
were constructed in layers with a compaction lift thickness of 0.33m. The 
unreinforced CE embankment was built first, and the embankment fill had a unit 
weight of 18.5kN/m 3. The HGE and MGE embankments were constructed 
simultaneously, during wetter weather which meant that the fill had a higher 
moisture content and therefore a higher unit weight of 19.2kN/m 
3. 
The water table at the test site varies seasonally from I to 1.5m below the ground 
surface. The soil profile beneath the embankments is given in Figure 4.2, which 
also gives the index properties and in-situ strengths (measured using a field vane) 
of these materials. 
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Figure 4.2: Soilprofile, indexproperties and vane shear strength of 
foundation soilfor embankments at AIT, Bangkok (after Bergado et al, 2002) 
4.1.2 Finite element model 
Details of the finite element method and the program ICFEP are given in Chapter 
3. 
4.1.2.1 Geometry and mesh 
The geometry of each of the embankments is slightly different, and so a different 
mesh has been generated for each case. The mesh for the unreinforced CE 
embankment is presented in Figure 4.3. Plane strain conditions have been 
assumed in all cases, i. e. it is assumed that the embankment is infinitely long. 
Figure 4.3: Mesh for the unreinforced CE embankment 
The mesh extends to a depth of 8.3m below the base of the embankment, which 
is the base of the soft clay layer described in Figure 4.2. This allows for the 
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excavation of the top 0.2m of soil prior to the start of embankment construction, 
as described in Section 4.1.3. The total width of the mesh is 68m. 
4.1.2.2 Initial and boundary conditions 
For all of these analyses, the mesh has been restrained horizontally, but is free to 
move vertically, along both vertical boundaries. Along the base of the mesh, no 
movement is allowed in any direction. 
Prior to the start of the analysis the elements representing the embankment are 
deactivated, so that greenfield conditions are modelled at the very start. In this 
case the initial stresses in the soil are defined in terms of the current earth 
pressure coefficient K 0c and overconsolidation ratio OCR. According to Mayne 0 
& Kulhawy (1982): 
K oc =(I -sin o')OCR s" 0' (4.1) 0 
The foundation soil has been modelled using a form of modified Cam clay model 
(Potts & Zdavkovic, 1999). For this model there is a closed form solution for the 
undrained shear strength S,, in terms of material properties 0', /C and A, as well as 
the current stress conditions Koc, OCR, qj and 0. 0 
S,, =OCR c', i g(O) cos 0 
(1 + 2KoNc ) (i+B 2) 
2(1+ 2K00c) A (4.2) 
6 NC 
[(1+2KO 
)OCR(I+B 2 
Where: u', j = initial vertical effective stress 
O= Lode's angle 
g(O)= function describing the general shape of the yield surface in 
the deviatoric plane. 
K NC = coefficient of earth pressure at rest associated with normal 0 
consolidation. According to Jaky (1948), K NC =I -sin 0 
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V-3(l 
- 
KNc) 
B= 0-- 
g(-30')(I + 
2KNc) 
0 
Koc= current coefficient of earth pressure at rest. 0 
K= slope of swelling line in v-lnp' plane (v= specific volume) 
A= slope of virgin consolidation line in v-lnp' plane 
A Lode's angle of -30' has been used in this formulation, assuming that the in- 
situ soil is experiencing triaxial compression conditions. in this formulation, the 
model assumes a Mohr-Coulomb hexagon for the yield surface in the deviatoric 
plane, and a circular shape for the plastic potential. The values of 0, )c and A for 
the different strata of the foundation soils are as described in Section 4.1.4. 
By adjusting the OCR at different depths it is possible to obtain a match for the 
oberved undrained shear strength profile in Figure 4.2. This process produces the 
OCR and Koc profiles illustrated in Figure 4.4, which have been input into 0 
ICFEP to define the initial stresses. 
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Figure 4.4: Calculated K 0c, OCR and S,,, profiles in thefoundation soil 0 
4.1.3 Construction sequences 
As noted previously, prior to the start of the analysis all of the embankment 
elements, including any reinforcement, are deactivated and the initial stresses in 
the foundation soils are fon-nulated for greenfield conditions. 
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ID all cases the canal is excavated first. After the canal has been completely 
excavated the embankment is constructed in stages. Each row of elements in the 
embankment is constructed separately, to model the correct stress history in the 
embankment fill. This procedure is repeated until all of the elements in the 
embankment have been activated. If it is still possible to obtain numerical 
convergence at this stage, a surcharge, simulating the next stage of construction, 
is applied along the crest of the embankment, making allowances for the load 
gradient in the fill at the shoulders of the embankment to prevent local failure. 
This surcharge is relatively small, corresponding to an increase in fill height of 
0.1 in and increased by the same amount in each increment until the embankment 
fails. The additional load can be used to compute a corresponding fill height at 
failure. 
Where geosynthetic reinforcement is to be included, additional stages are 
allowed in the embankment construction for the activation of a row of membrane 
elements in the appropriate location. For the HGE embankment, a single row of 
membrane elements is activated at the base of the embankment, prior to the 
construction of the embankment. In the case of the MGE embankment, it was 
found that insufficient field data were available to justify using this example for 
the purpose of validating the use of ICFEP. Although Bergado et al (2002) 
present the results of their own finite element analysis of the MGE embankment, 
very few field observations are published. Consequently only the unreinforced 
CE embankment and the HGE embankment are considered here. 
4.1.4 Material properties 
The foundation soil, down to a depth of 8.3m below the ground surface, has been 
subdivided into two strata as in Figure 4.2, namely an upper layer of weathered 
crust to a depth of 2m, and a soft clay layer beneath. Insufficient parameters were 
given in the literature to model the lowest layers of foundation soil shown in 
Figure 4.2. Since they are described as being stiff relative to the soft clay layer 
they have not been included in the mesh. The shear modulus values have been 
chosen to reproduce the settlement behaviour of the reinforced embankment as 
the fill height increases in order to minimise any inaccuracies arising from this 
arrangement. The modified Cam clay soil model has been used to represent these 
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materials, with the stress regime described in Section 4.1.2. This is the approach 
adopted by Chai et al (1997) in their analysis of the unreinforced CE 
embankment. The material parameters for these strata are defined in Table 4.1. 
The high values of 0' are an equivalent value, calculated from the Mohr's circle 
at the middle of the appropriate soil layer and assuming that the soil has no 
cohesion. 
Depth z Unit weight 01 Shear mod. Soil stratum IC (M) r(kN/M3) (deg) G (kPa) 
Weathered 
0-2.0 15.0 50 0.015 0.15 1000.0 
crust 
Soft clay 2.0-8.5 15.0 44 0.04 0.4 500.0 
Table 4.1: Material parameters forfoundation soils 
As noted previously, there is a slight difference in the properties of the fill 
material between the unreinforced and reinforced test embankments, because 
they were constructed at different times. Since it rained during the construction 
of the reinforced embankments, the fill in these cases has a higher moisture 
content and therefore a higher density. These materials have been modelled using 
a Mohr Coulomb soil model, with parameters given in Table 4.2. 
Young's 
7 Poisson's Cohesion 01 Dilation 
Embankment mod E (kN/M3) ratio p c' (kPa) (deg) v (deg) 
(kPa) 
CE 18.5 5030.0 0.33 15.0 30 8 
HGE 19.2 5382.5 0.33 10.0 30 8 
Table 4.2: Material parameters for embankmentfill 
Lastly, in the HGE embankment, a single layer of high strength geosynthetic is 
used. This material is modelled using membrane elements, with the strength and 
stiffness properties given in Table 4.3. These properties have been derived from 
those given in the GFR Engineering Solutions 2004 Specifier's Guide for the 
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geosynthetic product named in Bergado et al (2002), for the nearest match to that 
product. 
Embankment Thickness Tensile mod Poisson's Tensile 
t (mm) J (kN/m) ratio strength T,,,, 
(kN/m) 
HGE - base 3.2 1700 0.45 200 
,t ame 4.1: material parameters jor geosynthetic reinforcement 
4.1.5 Comparison of results 
Firstly the case of the unreinforced embankment is considered, as the choice of 
parameters for the foundation soil needs to be assessed to ensure that this aspect 
of the numerical model is correct. After the accuracy of these parameters is 
established, it is possible to consider the behaviour of the geosynthetic 
reinforcement in the HGE embankment. 
4.1.5.1 Unreinforced CE embankment 
This case history was 5 
used to refine the soil 
parameters for the 4---------J-------------- 
underlying foundation 
t soil, and make sure tha 3-------------L------------- 
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Figure 4.5: Comparison of settlement behaviour 
predicted analytically with field data as thefill 
the fill height of the height increasesfor the unreinforced CE 
embankment increases embankment 
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during construction, with the field data and the numerical analysis undertaken by 
Chai et al (1997). The ICFEP results presented here were generated using the 
foundation soil properties given in Table 4.1. It can be seen that the analysis 
using ICFEP and the procedure described above provides a very good match for 
the field data, and a closer match than was achieved by Chai et al (1997) using 
CRISP. Consequently it is possible to use the parameters in Table 4.1 for the 
foundation soil when analysing the other reinforced embankment sections with 
some degree of confidence that the settlement behaviour of the embankment will 
be accurately predicted. 
5- ----------------------------- The maximum lateral 
displacement along a 
vertical line beneath the 
4* toe of the embankment, 
3J-------L ------- as illustrated by the inset 
sketch in Figure 4.6, was 
E2- 
also considered. The 
-0 Maximum E lateral ICFEP analysis produced 
displacement 
------j 
M d fi ld d t 
' a softer response than 
easure e a a 
Results of FEM by Chai et al (1997) that seen in the field or 
X Results of ICFEP analysis 
0 --- modelled by Chai et al 
0 0.2 0.4 0.6 
Maximum lateral displacement (m) 
0.8 (1997), as shown in 
Figure 4.6: Comparison offoundation soil Figure 4.6. However 
movements beneath embankment toepredicted 
analytically with field data as thefill height using 
higher shear 
increases for the unreinforced CE embankment stiffnesses for the 
foundation soils 
produced a relatively small reduction in this lateral displacement when compared 
to the effect seen on the embankment settlement behaviour. Very high shear 
stiffnesses would be needed to replicate the field measurements in this regard, 
which would produce much smaller settlements than those measured. As there 
was no better experimental evidence of the shear stiffness of the different soil 
strata these were not changed in subsequent analyses. 
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Since the maximum lateral displacement occurs at some distance beneath the 
embankment (the ICFEP analysis indicates that the maximum lateral 
displacement beneath the toe of the embankment occurs near the centre of the 
soft clay layer), it is thought that this aspect of behaviour will have less effect on 
any reinforcement at the base of and within the embankment, and therefore 
parameters that better replicate the settlement response have been selected. As a 
result of this exercise the parameters given in Table 4.1 may be used for the 
foundation soils in the subsequent analyses of reinforced embankments. 
4.1.5.2 HGE embankment with single layer of reinforcement 
The field data available for the reinforced embankments are much more limited 
than for the unreinforced CE embankment described in the preceding section. 
Although Bergado et al (2002) produce similar plots to those shown in Figures 
4.5 and 4.6 for the reinforced embankments, the data in these plots are not 
compatible with the quoted final embankment heights and foundation 
movements and therefore cannot be relied upon. The most complete observations 
given in Bergado et al (2002) concern the strain levels measured in the 
geosynthetic at different stages of construction. Fortunately this is the most 
relevant data for the validation of the use of membrane elements to represent 
geosynthetic reinforcement within an embankment. 
The two reinforced embankments, MGE and HGE, were constructed 
simultaneously, and immediately adjacent to each other. As noted previously, 
there are scarcely any reliable field data available for the MGE embankment, and 
so this cannot be used as an example to validate the appropriateness of the finite 
element model. Bergado et al (2002) observe that when the fill reached a 
thickness of 3.75m in both embankments, the strain in the reinforcement was less 
than 1% in both cases. When the fill in the HGE embankment reached a 
thickness of 4.2m, the strain in the geosynthetic at the base of the embankment 
was 2.3%. At failure, when the fill thickness had reached 6.67m, the strain in the 
reinforcement was of the order 12-14%, which Bergado et al (2002) claim is 
compatible with the range of rupture strains recorded from wide-width in-air 
tensile tests on the same geosynthetic material. 
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These data points are 14 - ----------------------------- Measured field data 
plotted in Figure 4.7, for 
Resufts of ICFEP analysis 
12 TT----I--- 
comparison with the 
8-1 maximum geosynthetic 
strains predicted using 
CO 
4. --- I- --- 4- --- -4 -1- --- 
ICFEP. It can be seen that 
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0 6----------- 
E 
between the two. E 57, 
CO 4TT -T 
Although the ICFEP 
results predict that failure ------------- -- ---- 
occurs at a slightly lower 
embankment height of 01234567 
Fill thickness (m) 
6.1m, the failure strain in Figure 4.7. - Comparison ofgeosynthetic strains 
the geosynthetic is within predicted using ICFEP withfield data as thefill 
the 12-14% range quoted 
height increasesfor the HGE embankment 
by Bergado et al (2002). The tensile force developed in the membrane elements 
has reached the full tensile cap acity, Tul,, of the geosynthetic at this stage. 
These results illustrate that by using membrane elements and assigning them the 
properties of the geosynthetic reinforcement, it is possible to realistically 
reproduce the behaviour of the geosynthetic using finite element analysis, in the 
situation of a reinforced embankment. 
4.1.6 Conclusions from analysis of a geosynthetic reinforced embankment 
Having established suitable material parameters for the embankment fill and 
foundation soils (i. e. those capable of accurately modelling the response of an 
unreinforced embankment), it has been found that good agreement can be 
obtained between the observed and predicted response of geosynthetic 
reinforcement in a reinforced embankment on soft ground, when the geosynthetic 
is modelled using membrane elements in ICFEP. Consequently for the purpose 
of this study it remains only to demonstrate the validity of using similar analysis 
when some of the support beneath a reinforced soil layer is removed. 
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4.2 Model testing 
For the purpose of quantitatively validating the finite element analysis approach 
for a geosynthetic reinforced layer of fill above a void, a series of model tests 
were performed. These model tests used a strongbox incorporating a moveable 
platform, which allowed the formation of a void at the base of the box. 
Unreinforced tests were conducted so that the benefits of using a reinforcement 
material could be assessed. For the reinforced tests, the reinforcement material 
used was a continuous polythene sheet, because this would not permit any fines 
from the fill material above to pass through it, and therefore replicated the 
behaviour of the membrane elements used in the finite element analysis. 
A series of tests investigating the effects of varying the compaction properties of 
the fill material, and the geometry of the void and the overlying layer were 
undertaken, as described in this section. 
4.2.1 Test set-up 
The tests were undertaken in a strongbox measuring 800mm. long, 300mm wide 
and 400mm deep. The sketch in Figure 4.8 shows the general arrangement for 
the test. 
OE 
goomm ýo 
Position of 
polythene sheet iý 
reinforced tests 
Moveable platform, 
(moves in the vertical 
direction) 
6u or i ourmil 
Figure 4.8: Sketch of experimental equipment 
400mm 
nin 
For reinforced tests, a sheet of polythene, cut to size, was placed at the bottom of 
the box. For both reinforced and unreinforced tests the box fill material was 
placed to the appropriate height either by using a ftinnel and hose, in the case of 
loose tests, or placed in batches of 5kg at a time and compacted using a hand- 
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held tamping tool for the dense tests. Located at the bottom of the box, and 
crossing the ftill 300mm width, is a platform that can be lowered, thereby 
allowing voids of either 80 or 160mm wide and up to 25mm depth to form at the 
base of the fill, and beneath the polythene sheet in the reinforced tests. 
The instrumentation in the box comprised a row of LVDT transducers which 
could be positioned along the length of the box directly above the surface of the 
fill, as shown in Figure 4.9. These then recorded the change in displacement 
electronically at 5 second intervals as the platform at the base was lowered. In 
total 15 transducers, with a range of 40mm each, were used. After the transducers 
had been calibrated, it was found that their precision was in the range of : 1--0.02 to 
: i: 0.04mm. 
LVDT transducer for lowering 
platform 
Screw threads for 
lowering platfonn Moveable platform 
Rack for holding transducers 
(a) across width of"box (b) along length of box 
Figure 4.9: Sketches of cross-sections through stronghox showing movement 
mechanisms and monitoring positions 
The platform is lowered at a constant rate, approximately 0.04mm/s, in all of the 
tests. This relatively slow rate was chosen to allow for a reasonable number of 
measurements to be taken throughout the test. The moveable platform is attached 
LVDT transducers for monitoring surface 
settlements 
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to two screw threads, at either end, which were turned by a stepper motor in 
order to lower or raise the platform. A further LVDT transducer is positioned 
above one of the screw threads to monitor the vertical displacement of the 
platform. Figures 4.9a and 4.9b show cross-sections through the width and length 
of the box respectively (across the central axis). The photograph in Figure 4.10 
illustrates the equipment in use. 
LVDT transducer 
for measuring 
displacement of 
moveable nlatform 
LVDT t 
for 
5 
; crew threads 
Lttached to 
noveable platform 
vlotor 
Zack for holding 
ransducers 
Figure 4.10: Photograph of test equipment in use showing measuring systems 
Material testing was undertaken to determine the properties of both the fill 
material and the polythene sheet - this is described in Appendix A, and the 
results are surnmarised in Section 4.3. 
4.2.2 Test programme 
As stated above, there were three variables in these tests - namely the presence 
or absence of the reinforcement material, the level of compaction, and the 
geometry of the problem. The tests were split into two series. The first series of 
tests was performed on loosely placed fill material with different geometries, 
with and without reinforcement, as described in Table 4.4. 
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Name of test 
Height of 
fill, H (mm) 
Void 
width, D 
(mm) 
Reinforced / 
unreinforced 
Loose 
dense 
H40-D80-L 40 80 0.5 Unreinforced Loose 
H80-D80-L 80 80 1 Unreinforced Loose 
H160-D80-L 160 80 2 Unreinforced Loose 
H240-D80-L 240 80 3 Unreinforced Loose 
H320-D80-L 320 80 4 Unreinforced Loose 
H400-D80-L 400 80 5 Unreinforced Loose 
H40_D80 L_R 40 80 0.5 Reinforced Loose 
H80-D80-L_R 80 80 1 Reinforced Loose 
H160-D80-L_R 160 80 2 Reinforced Loose 
H240-D80-L_R 240 80 3 Reinforced Loose 
H320-D80-L_R 320 80 4 Reinforced Loose 
H400-D80-L_R 400 80 5 Reinforced Loose 
H80-D160-L 80 160 0.5 Unreinforced Loose 
H160-DI60-L 160 160 1 Unreinforced Loose 
H320-DI60-L 320 160 2 Unreinforced Loose 
H80-D160-L_R 80 160 0.5 Reinforced Loose 
H160-DI60-L_R 160 160 1 Reinforced Loose 
H320-DI60-L_Rl 320 160 21 Reinforced Loose 
Table 4.4: Programme of tests using loosely placedfill materials 
A more limited number of tests were perfon-ned on densely placed fill, which did 
not follow such a complete programme, but identified the limits at which either a 
complete soil arch was formed in the fill, or at which no arch was evident at all. 
The tests perforined are described in Table 4.5. These tests were performed to 
illustrate the change in behaviour seen when the fill material properties are 
altered. Not only does compacting the fill increase its density, but the angle of 
internal shearing resistance also increases, as does the tendency of the soil to 
dilate during shearing. 
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Void 
Height of Reinforced Loose Name of test width, D HID fill, H (mm) unreinforced dense (mm) 
H80-D80-D ýO 80 1 Unreinforced Dense 
H160-D80-D 160 80 2 Unreinforced Dense 
H240-D80-D 240 80 3 Unreinforced Dense 
80_D_R 40 80 0.5 Reinforced Dense 
H80-D80-D_R 80 80 1 Reinforced Dense 
j anie 4. -*t: vrogramme of tests using densely placedfill materials 
Prior to the main series of testing described above, some trial tests were 
conducted to check the perfon-nance of the measurement systems and the test 
equipment. Once these systems and the final equipment had been finalised, tests 
were perforined on both loose and dense unreinforced fills with both D and H 
being 80mm. The results of these two trial tests showed very good agreement 
with the results from this final series of tests, and demonstrated that the results 
obtained from tests using this equipment are repeatable. 
The density of the fill material in the model tests is controlled - for the loose 
tests, the average unit weight is 15.6kN/M 3, and for the dense tests it is 
17.7kN/m 3. These values were consistent throughout all of the tests. 
4.2.3 Results of model testing 
The recorded centreline settlements, the width of the observed settlement trough 
and the formation of the settlement trough are considered separately in the 
following section. 
4.2.3.1 Centreline settlements 
4.2.3.1.1 Unreinforcedfill 
A graph showing the variation in the recorded maximum surface settlement at the 
centre of the box when the platform is lowered by the full 25mm, as the HID 
ratio changes, is shown in Figure 4.11. The results of the tests using platform 
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widths of both D=80mm and 160mm for loosely placed fill are shown in this 
plot, in addition to the results of those tests performed using the 80mm wide 
platform with densely placed fill. 
30 
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Figure 4.11 shows that 
when the fill is loosely 
placed, and HID is less 
than 1, then the surface 
settlements match the 
vertical displacement of 
the moveable platform at 
the base. As HID 
increases then the 
centreline surface 
settlements decrease, 
indientim, thqt , nmp kind 
Figure 431: Variation in maximum centreline 
of load transfer 
settlement with changing HIDfor unreinforced mechanism has 
fills developed within the fill. 
This effect would appear to be slightly more pronounced for the wider platform 
width of D=160mm, which would have correspondingly higher heights of fill 
cover at the same HID ratio. 
A similar trend is observed for the densely placed fill when no reinforcement is 
present. However for the same HID ratio, and when D is unaltered, the surface 
settlements are reduced in the denser case, with increasing effect as HID 
increases. For example, when HID=l the centreline settlement is reduced by 8% 
when the fill is denser. This reduction increases to 52% when HID=2, and 83% 
when HID=3. When HID=3, the centreline surface settlement is 6.4mm in the 
loose case, but Just 1.1 mm in the dense case. Even when HID=5, the centreline 
surface settlement in the loose fills is more than this, 1.6mm. This would suggest 
that the load transfer mechanisms that develop in the fill are more effective in 
dense fills, particularly for high HID ratios. 
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The literature reviewed in Section 2.8 suggests that HID is a governing factor in 
the formation of a soil arch in unreinforced fill. That the centreline surface 
settlements seen in the tests on loosely placed fill are consistently lower at the 
same HID ratio when D is larger suggests that this may not be the case. 
4.2.3.1.2 Reinforcedfill 
The centreline surface settlements for different HID ratios are shown in Figure 
4.12. This plot shows the results of the tests on loosely placed reinforced fills, 
using platforms of 80mm and 160mm width, and the tests conducted on densely 
placed fills using the 80mm wide platform. The behaviour is similar to the 
unreinforced case in terms 
30 ------------------------------ 
Of a reduction in 
D=80mm, loosely placed fill 
centreline settlement with 
D=160mm, loosely placed fill 
25 0- E)- -C) D=80mm, densely placed fill 
ID, but in this increasing H E 
case the settlements at the 20 L-----LL-----L 
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-2 15 -----------L-----------L----- reduced when D is 
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smaller. This is the -so g 10-- L ----------- L ----- L- 
reverse of the C) 
unreinforced situation, 5----------L-----------L described in the preceding 
10 section, where the 0 
settlements are slightly 
012 
H/D 
345 
larger for the tests using Figure 4.12: Variation in maximum centreline 
the narrower platform at settlement with changing 
HID for reinforced 
filis 
the same value of HID. 
Although the trend is different in the reinforced case, the fact that it exists and is 
consistent indicates that HID is not necessarily a governing factor for 
determining whether or not a soil arch will form in the reinforced case either. 
When the values of the settlements are compared with the unreinforced case, it is 
evident that the presence of the reinforcement dramatically reduces the centreline 
surface settlements in all of the cases tested. For loose fills with HID ratios 
greater than 3, the surface settlements are negligible and so in these cases the 
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combination of the tensile forces developed in the membrane and any soil 
arching is sufficient to completely support the fill material above the void. For 
the denser fill the surface settlements become negligible when HID> 1. 
4.2.3.2 Width of observed settlement troughs 
There is some difficulty in assessing the width of the settlement troughs that 
develop, because it is questionable how to define exactly the conditions to 
determine precisely where the edge of the trough is. Also in these tests the 
transducers are quite widely spaced, and so it is unlikely that any will be located 
in exactly the right position. 
The precision of the transducers was found to be between 0.02 and 0.04mm in all 
cases. However, this may give a misleading accuracy with regard to this 
particular test set up, since the measured settlement was in part dependent on the 
size of fill particle beneath the transducer. The results of the tests 
H320-D80-L_R and H400_D80_L_R indicate that no discernible patterns of 
movement occurred when the measured displacements were less than 0.35mm. 
This is due to the interaction between the transducers and the fill material - for 
example the transducer might be resting on a large particle that does not move as 
much or in the same manner as the surrounding fill, or may become embedded as 
the fill material around it moves, and so on. Consequently there is significant 
inaccuracy in determining the surface settlements, and therefore the width of the 
trough, particularly when the surface settlements are small. In view of these 
inaccuracies, no attempt is made to define the width of the surface settlement 
troughs at this stage. Instead, only the behaviour as the geometry and density of 
the fill changes is assessed. Further interpretation, in light of the results of the 
parametric finite element analysis study, is made in Chapter 6 of this thesis. 
Figure 4.13 shows the surface settlement troughs above an 80mm wide void for 
different values of HID when the fill is loosely placed and no reinforcement is 
present. It can be seen that as the fill height increases, the settlement troughs 
become shallower, as described in Section 4.2.3.1.1, and slightly wider. This 
trend is seen in all of the tests with and without reinforcement, and using loosely 
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placed or more densely compacted fill, regardless of the width of the moving 
platform. 
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Figure 4.13: Measured surface settlement troughs above an 80mm wide 
opening, for loosely placed unreinforcedfill 
In order to compare the results from the tests using different platform widths, the 
horizontal co-ordinate at the surface has been normalised by the width of the 
platform. An example is shown in Figure 4.14, for an HID ratio of I using loose 
unreinforced fill material. 
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Figure 4.14: Normalised surface settlementfor loosely placed unreinforced 
fill, when HID=Ijor different platform widths 
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In the case shown in Figure 4.14, normalising the shape of the settlement trough 
in this way gives a good agreement for the entire shape of the trough for the 
different values of D. For higher HID ratios, or when reinforcement is present, 
there is a variation in the amount of settlement seen, as described in Section 
4.2.3.1, but there still appears to be good agreement in terms of the width of the 
settlement trough. 
Lastly, the effects of the presence of the reinforcement and the density of the fill 
are considered. Figure 4.15 shows the measured surface settlement troughs for 
loose and dense fill, with and without reinforcement, when the platforni width 
and fill height are both 80mm. Although the peak settlement changes, as 
described in Section 4.2.3.1, the width of the troughs appears to be very similar 
in all cases. 
There is therefore no clear evidence that either the presence of reinforcement or 
the density of the fill material has any effect on the width of the settlement 
trough. When the horizontal co-ordinates of the settlement trough are normalised 
by the platform width, there appears to be reasonable agreement between the 
normalised settlement troughs when the platform width D is altered. It is only as 
HID increases that there is seen to be a slight increase in the width of the surface 
settlement trough. 
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Fiuure 4.15: Measured surface settlement troughs for loose and densefills, 
reinforced and unreinforced, when H and D are both 80mm. 
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4.2.3.3 Development of settlement troughs 
It was observed during the course of these tests that there was a difference in 
behaviour between the reinforced and the unreinforced test cases in terms of the 
development of the 25 ------------------I------I------ 
settlement trough as the Loose, unreinforced E 
Z' - 13-E --- El Loose, reinforced 
tests progressed. This I(S) - >(--X---X Dense, unreinforced 20 Dense, reinforced -L 
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Figure 4.16: Displacement of central transducer the case where the void as test progresses for tests on loose and densefill 
width and fill height with and without reinforcement, when H and D 
are both 80mm 
were both 80mm. 
It can be seen that when reinforcement is present, the surface transducer ceases to 
move after a certain point - in the loose case, this occurs when the platform has 
been lowered by 5.6mm, and in the dense case when the platform has been 
lowered by 4.2mm. This suggests that this amount of movement at the base of 
the reinforced fill is sufficient to trigger adequate resistance, by means of a 
combination of arching in the fill and mobilising tensile forces in the 
reinforcement, to completely support the fill above it. Soil arching alone, which 
is the only means of resisting movement in the unreinforced fills, is not sufficient 
to prevent further movement, because in the unreinforced tests the surface 
settlement trough continues to deepen as the movement at the base of the fill 
progresses. 
In the initial stages of the test, prior to the fori-nation of any arch in the reinforced 
fill, both the reinforced and unreinforced loose fills follow the same trajectory on 
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the plot shown in Figure 4.16, and similarly for the dense fills. As noted, in the 
reinforced cases there comes a point where a soil arch forms and there ceases to 
be any further significant settlement at the surface. In the unreinforced cases, the 
surface settlements continue to develop as the platform is lowered - the 
settlements are greater in the case of the loose fill, although the difference in 
settlement between the loose and dense fill does reduce slightly as the platfon-n is 
lowered further. 
4.2.4 Summary 
The results of the model testing are intended primarily to be used to validate the 
use of a numerical analysis approach, as presented in Section 4.4. However the 
results can also be used to identify some aspects of the behaviour of a reinforced 
fill layer when vertical support is removed from beneath the reinforcement. 
These tests investigated the effects of changing the geometry of the fill layer and 
area over which support is lost, i. e. the fill height and platform width, and the 
density of the fill material. Reinforced and unreinforced tests have been 
performed to demonstrate the benefit of using geosynthetic reinforcement in 
terms of reducing the surface deformations. The key findings are summansed 
below: 
As HID increases the surface settlement troughs, where they are 
measurable, become shallower and wider. This has the effect of reducing 
the differential surface settlements. 
In the unreinforced fill, if HID is sufficiently high then a load transfer 
mechanism is seen to develop in the fill, which has the effect of reducing 
the surface settlements. This load transfer mechanism develops more 
efficiently, i. e. at lower values of HID, if the fill is denser. 
* When reinforcement is present, tensile forces develop in the 
reinforcement as the platform is lowered, and these tensile forces help to 
support the weight of the fill material above the void. When this support 
is combined with the load transfer mechanism that develops in the fill 
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material, there is a significant reduction in surface settlements seen in all 
cases. The surface settlements become negligible when HID>-3 in the 
loose case, and when HID>l in the dense case considered here. 
e When the support at the base of the fill is removed, some downward 
movement of the fill material above the area where support is lost must 
occur for the formation of a soil arch to occur. This can be seen from the 
monitoring of settlements at the surface throughout the tests -a soil arch 
appears to form in those cases where reinforcement is present, because 
after a certain amount of downward movement has occurred no further 
increase in surface settlements is seen regardless of the continued 
downward movement of the platform. 
4.3 Material testing 
In order to create a finite element model to analyse the tests described in Section 
4.2, it is necessary to determine suitable parameters for the materials used. Tests 
have been undertaken to derive parameters for the fill material, the reinforcement 
(a continuous polythene sheet) and the fill/reinforcement interface. These tests 
and their results are described in Appendix A. The results are surnmarised in 
Table 4.6. 
Material Parameter Recommended value 
7min 15.5kN/m 3 
Fill 
7max 18.4kN/M3 
0 ý, 11 (1. ") 35' 
0, 'fill (dense) 45' 
Polythene sheet 
i II kN /m/m 
T. It 0.1 IkN 
Table 4.6: Recommended material Parametersfor analysis of model tests 
4.4 Numerical analysis of model testing 
Analysing the model tests using the finite element program ICFEP provides 
further validation of the analytical approach used, and in particular the use of 
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membrane elements and in this case large displacement analysis to model the 
problem of a reinforced fill layer above a void. The exact details and the results 
of the analysis are described in this Section. 
4.4.1 Finite element model 
Details of the finite element method and the program ICFEP are given in Chapter 
3, including descriptions of the membrane element formulation and the large 
displacement mode of analysis in Sections 3.2.3.2 and 3.2.4 respectively. 
It is not possible to analyse the case of a void forming beneath an unreinforced 
fill layer using the finite element method, because of the loss of material 
immediately above the void. Only those cases where reinforcement is present can 
therefore be modelled, as the fill material is retained physically by the membrane 
elements. Since the object of this exercise is to validate the use of membrane 
elements to model geosynthetic reinforcement, this is sufficient. 
4.4.1.1 Geometry and mesh 
A vertical section through the central plane of the box, as shown in Figure 4.8, 
has been modelled. The two dimensional model using plane strain conditions. 
The mesh for these analyses is shown in Figure 4.17. 
soomm 
Figure 4.17. Mesh usedforfinite element analyses of model tests 
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The mesh is 800mm wide and 440mm, high. This allows for a 400mm thick fill 
layer, and a base layer 40mm thick. The purpose of this base layer is to provide a 
stiff support, part of which can be excavated to form a void. The elements 
marked on Figure 4.17 as being excavated to form a void are those that are 
excavated to form a void 80mm. wide; more elements are excavated on either 
side of this zone when the void width is 160mm. This base layer is separated 
from the fill layer by a row of membrane elements, representing the geosynthetic 
reinforcement. 
4.4.1.2 Initial and boundary conditions 
The fill material is deactivated prior to the start of analysis. Therefore initial 
stresses need only be specified in the base material and the geosynthetic. The 
vertical stress in the base layer is assumed to increase linearly with depth. 
Vertical movement is allowed along the vertical boundaries, but horizontal 
movements are restrained. Along the base of the mesh, no movement is allowed 
in either direction. 
After excavation of the void, the edges of the void need to be restrained 
horizontally to prevent them from collapsing inwards. 
4.4.1.3 Construction sequence 
In these analyses the fill material is placed in layers, one row of elements at a 
time, until the desired fill thickness is reached. The void is then excavated 
beneath the geosynthetic. This is the same approach used in some of the analyses 
in the parametric study, described in Chapter 5. 
4.4.1.4 Material parameters 
A Mohr-Coulomb failure criterion, as described in Section 3.2.3.1, has been used 
to represent the behaviour of the fill material. The appropriate densities and 
angles of shearing resistance for the loose and dense fills are given in Table 4.6, 
based on the results of the material testing described in Appendix A. In both 
cases the fills are assumed to have no cohesion, and to be non-dilatant. A 
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Young's modulus of 20, OOOkPa and a Poisson's ratio of 0.3 have been assigned 
to the fill in both cases. 
The purpose of the base material is purely to provide a stiff base layer beneath 
the fill, representing the bottom of the box in which the model tests were 
perfon-ned, in which a void can be excavated. Consequently an elastic soil model 
has been used, and a high Young's modulus of 100, OOOkPa has been assigned to 
this material, along with a Poisson's ratio of 0.3. 
The fill material is dry so no pore pressures are modelled. Therefore the total and 
effective stresses are equal in all of these analyses. 
For the reinforcement material, a simple elasto-plastic soil model has been used 
as described in Section 3.2.3.2, with the ultimate tensile strength T,,,, and tensile 
modulus J of the reinforcement given in Table 4.6. The reinforcement is assumed 
to be 0. Imm thick and to have a Poisson's ratio of 0.2. 
4.4.2 Results of analyses 
The model tests described in Section 4.2 only give information about the pattern 
of surface settlements, and consequently in order to validate the finite element 
analyses it is necessary to reproduce as closely as possiblethe same pattern of 
surface settlements for each combination of void size and fill thickness tested. 
4.4.2.1 Effects of changing HID 
A selection of results are presented in Figures 4.18 to 4.20, covering a 
combination of different void sizes and different HID ratios. 
It is evident that, with the current material parameters, there is scope for some 
improvement in the accuracy of the results, particularly with regard to the 
maximum surface settlement. Nonetheless the trend in behaviour is the same as 
that observed in the model tests, in that the maximum surface settlement still 
reduces as HID increases. It should also be noted that the shape of the surface 
settlement trough predicted using ICFEP is generally a reasonable match for the 
results of the model tests. 
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Figure 4.18: Comparison of measured surface settlements and those predicted 
using ICFEPfor the test on loose, reinforcedfill with H=240mm and D=80mm 
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Figure 4.19: Comparison of measured surface settlements and those predicted 
using ICFEPjor the test on loose, reinforcedfill with H=80mm and D=80mm 
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Figure 4.20: Comparison of measured surface settlements and those predicted 
using ICFEPfor the test on loose, reinforcedfill with H=80mm and D=160mm 
It is observed from these results that at higher values of HID, for example in 
Figure 4.18 when HID=3.0, that the maximum surface settlements are 
overpredicted using the current finite element model, but when the HID ratio is 
lower (such as in Figures 4.19 and 4.20, when the values of HID are 1.0 and 0.5 
respectively) that the maximum surface settlement is underestimated using 
ICFEP. This tendency to overpredict the maximum surface settlement at high 
HID ratios and underpredict them when HID is lower is consistent in all of the 
analyses performed. The accuracy of the predictions could easily be improved by 
adjusting the material parameters, within the experimental range, but it is not 
deemed necessary to do this for the current purpose. 
4.4.2.2 Effects of changing thefill density 
The only other variable in the model tests is the density of the fill. Figure 4.21 
compares the results of the test H80-D80-D_R with the predictions made using 
ICFEP. In this case it is again evident that the shape of the trough predicted using 
ICFEP is reasonable, but that the maximum surface settlement is overpredicted. 
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Figure 4.21: Comparison of measured surface settlements and those predicted 
using ICFEPjor the test on dense, reinforcedfill with H=80mm and D=80mm 
When this case is compared with the results seen in Figure 4.19, which is the 
same test but using loose fill, the maximum predicted surface settlement is 
roughly the same. In other cases there is a reduction in the maximum surface 
settlement when the fill is dense. The value of the maximum surface settlement 
could again be adjusted by changing the material parameters for the fill - in the 
case of the dense fill, the material testing described in Appendix A indicates that 
the material exhibits dilatant material, yet no dilatancy is included in the current 
finite element model. 
4.4.3 Summary 
The results of the finite element analyses of the model tests demonstrate similar 
trends in behaviour to the findings of the model tests themselves. The surface 
settlements reduce as the value of HID increases, and increase when the void 
width increases in a similar manner to the results of the model tests. The 
predictions of the maximum surface settlement are not very accurate, but they are 
at least of the same order of magnitude as the values obtained from the model 
tests. The accuracy could be improved by adjusting the material parameters. For 
the current purposes of assessing the appropriateness of modelling a geosynthetic 
reinforced fill LTP above a void using the finite element method however, the 
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presented results are sufficient. It is concluded that this method of analysis, and 
the use of membrane elements to represent the geosynthetic reinforcement, is 
capable of producing realistic results. 
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Chapter 5 
Parametric Study 
Numerical analysis has been undertaken for the problem of a void with a 
geosynthetically reinforced soil layer above it, in order to evaluate the validity of 
the assumptions involved in the design methods described in Section 2.6 of this 
thesis. A parametric study, varying the properties of the geosynthetic layer, the 
geometry of the void and overlying fill layer, the fill properties, and the method 
of placement, has been performed using the Imperial College Finite Element 
Program (ICFEP). A relatively simple model has been created, so as to be 
consistent with the assumptions made in the derivations of the design methods. 
The finite element method and its formulation are described in Chapter 3. This 
chapter describes in detail the approach taken to modelling the reinforced fill 
layer above a void. The parametric variables included in the study are then 
reviewed, and the consequences of independently altering each variable are 
considered. A more detailed and sophisticated interpretation of the results is 
presented in Chapter 6. Additional analyses have been performed to investigate 
the effect of a rising groundwater table on the stability of the system, and the 
influence of a structure at the ground surface on the surface deformations. For 
clarity, these analyses and their results are described separately at the end of this 
chapter. 
5.1 Geometry and mesh 
The symmetrical nature of the problem means that only half of the problem 
needs to be modelled. A typical mesh used for the analysis is shown in Figure 
5.1. 
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Figure 53: Typicalfinite element mesh usedfor parametric study 
The width of the mesh is 10m, the overlying fill layer is 4m deep and the 
underlying foundation soil is Im deep. These proportions are deemed to be 
appropriate for the problem of house construction on such a site. The left hand 
boundary is the line of symmetry, and so the high density of elements in the 
bottom left hand comer allows different widths of void - up to 4m wide - to be 
excavated beneath the geosynthetic. 
Axisymmetric and plane strain analyses have been conducted to investigate both 
circular and longitudinal void shapes. 
Generally only one layer of geosynthetic is modelled, and this is the lowest layer 
(layer I as shown in Figure 5.1). A series of analyses have also been performed 
using different numbers of layers of geosynthetic reinforcement above the void, 
at 0.6m vertical spacing. This spacing is kept constant, so that where two layers 
are modelled, they are in the positions of layers I and 2 in Figure 5.1, and three 
layers occupy the positions of layers 1,2 and 3. Up to four layers of geosynthetic 
- layers 1,2,3 and 4 in Figure 5.1 - were modelled. 
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5.2 Initial and boundary conditions 
5.2.1 Initial stresses 
The initial stresses are governed by the weight of the materials and any pore 
water pressures. It is assumed in all of the analyses that there was no 
groundwater present within the domain modelled, and as all of the analyses are 
therefore of a drained nature, the total stresses and effective stresses are equal. 
The fill layer is deactivated prior to the start of the analysis. Therefore the 
vertical stress in the underlying foundation soil is considered to increase linearly 
with depth, and be equal to zyij, where yij is the unit weight of the foundation 
soil, taken to be 20kN/M 3, and z is the depth below the top level of the foundation 
soil. 
The lowest layer of geosynthetic is assumed to be present at the start of the 
analysis, but as it is lying along a level ground surface it is assumed that no 
stresses are acting in the reinforcement at this stage. 
5.2.2 Boundary conditions 
At both vertical boundaries, the mesh is restrained horizontally but is free to 
move vertically. There is no vertical force along these boundaries. The base of 
the mesh is restrained from moving in either direction. 
After the excavation of the void, the side of the void needs to be restrained 
horizontally to prevent it from falling inwards. Where the membrane elements 
representing the geosynthetic are connected directly to the solid elements 
representing the foundation soil, this boundary condition means that the 
membrane node at the edge of the void (marked A in Figure 5.1) is also 
prevented from moving horizontally. Additional analyses have therefore been 
performed using interface elements, as described in Section 3.2.3.3, to 
investigate the significance this restraint has on the geosynthetic deflections. 
These analyses are described fully in Section 5.5. 
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5.3 Failure mechanisms 
Two possible failure mechanisms have been identified during the course of this 
study. Either: 
9 The tensile capacity of the geosynthetic membrane is exceeded, 
* Or the stresses in the fill above the membrane exceed the strength of the 
fill material. 
Which of these occurs first and causes the failure of the overall system depends 
on the properties of the components in the system. If any of these types of failure 
occur, it is not possible to obtain results from the numerical analysis as it is not 
possible to obtain numerical convergence. 
5.4 Construction sequences 
The problem is modelled using two different construction sequences: 
In sequence A, the geosynthetic is installed and then the overlying fill is 
placed in layers until the full depth of 4m is reached. The void is then 
excavated beneath the geosynthetic. 
9 In sequence B, the void is present from the start of the analysis. The 
geosynthetic is placed over the void and then the fill is placed in layers. 
The stress distribution in the fill material is generated as a result of the 
construction process. This is achieved in ICFEP by relating 07'h and U'V by means 
of the one dimensional elastic compressibility behaviour of the fill material as 
follows: 
aIhp Ko =--- 
a', I-P 
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Where p is the Poisson's ratio of the fill material. The vertical effective stress in 
equation (5.1) is calculated from the self-welght of the constructed 
layers and 
any pore water pressures. This assumes that there 
is no significant compaction 
during the construction. An increase in the horizontal stresses 
due to any 
compaction processes can be modelled by changing 
the value of Ko 
independently. 
The two different construction sequences A and B provide different 
insights into 
the behaviour of the load transfer platform. In sequence B, as each sub-layer of 
fill is placed, its surface is level, regardless of any 
deformation of lower layers. 
Once a soil arch has formed there is no further deflection of the geosynthetic or 
at the ground surface. From these analyses 
it is possible to determine the 
necessary fill height, compared to the void size, 
for a stable soil arch to form. But 
it is not possible to determine any information about 
likely surface settlements. 
Sequence A, however, does provide inforination about surface settlements, 
but it 
is not possible to monitor the development of soil arching or geosynthetic 
deformation at different fill heights without performing many more analyses. 
From both sequences, the geosynthetic deflections and levels of stress 
in the 
geosynthetic may be compared. Analyses of a 4m thick 
fill layer, using one layer 
of geosyntheic reinforcement and the "basic case" material parameters 
summarised in Table 5.1, have been performed 
for this purpose. 
Material ýtype Parameters 
Fill Kof, 11=0.43, ' yf, 11 
pf, 11 = 0.3; c' 11 = . fi 
/M3 =20kN Ep, = 
OkPa; 0' 11 =3 5'; fi 
3 20, OOOkN/m 
v'fil, = 0' 
Geosynthetic J=50kN/m; t= 51nni; p.,,, =0.2; T,,,, =IOOkN/m 
Foundation soil K0,0j, = 0.43; 20kN/m 
3; EOjj =I 00, OOOkN/M3; 
p, oil=0.3; c', oi, =OkPa; 
O', Oil=35'; v', Oil=O' 
Table 5.1: -Ifasic case-- matertutpururrivivia 
No interface elements were used, so the deformation of the soil was assumed 
to 
be compatible with those of the geosynthetic. 
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Figure 5.3 demonstrates sequences 
that there is negligible difference between the calculated maximum geosynthetic 
deflections when the differen t construction sequences are analysed. The same is 
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true of the axial stresses developed in the membrane. This is to be expected since 
the geosynthetic deformations and stresses are directly linked, until failure, by 
the tensile modulus of the geosynthetic J, which is held constant in these 
analyses. Comparison of the shape of the deflected membrane elements (an 
example of which is shown in Figure 5.2) or the distribution of stresses within 
the membranes (not shown here) also yields near identical results regardless of 
the construction sequence employed. The construction sequence can therefore be 
considered to have a negligible effect on the behaviour of the geosynthetic in this 
situation. Consequently, unless stated otherwise, the results of the parametric 
study to be presented in the rest of this chapter have been obtained from analyses 
using the construction sequence B, since it was found that these analyses 
converged more quickly. Mifsud (2005) has reproduced some of these analyses 
using sequence A, for the purpose of corroborating the results and determining 
the surface settlements. 
5.5 Soil-geosynthetic interface properties 
One potential limitation of the model used in this study is the assumption of 
compatible movement between the geosynthetic and the surrounding soil. The 
boundary condition that supports the soil at the edge of the void, to prevent it 
falling inwards, also means that the geosynthetic is restrained from moving 
horizontally at the edge of the void, as shown in Figure 5.4. It is probable that 
this imposes an unrealistic restraint on the movement of the geosynthetic. This 
restraint can be 
removed by inserting 
interface elements, as 
described in Section 
3.2.3.3, between the 
elements representing 
the geosynthetic 
membrane and the soil 
elements, on both sides 
of the membrane, as 
shown in Figure 5.5. 
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Figure 5.4: Illustration of restraints imposed on 
geosynthetic when no interface elements are 
present 
With these interface 
elements present, the 
boundary restraints 
applied to the 
foundation soil do not 
prevent the 
geosynthetic from 
pulling out from the 
soil, as illustrated in 
Figure 5.5. 
Overlying fifill 
Geosynthetic embrane 
Zero thickness i terface elements 
(37ndedvim" foundation wil 
Zero horizontal 
movement 
restraint at nodes 
Figure 5.5: Illustration of restraints imposed on 
geosynthetic when interface elements are present 
Consequently a set of analyses has been undertaken using such interface 
elements, for the purpose of assessing the significance and influence of the soil- 
geosynthetic interface behaviour. The parameters used for the soil and 
geosynthetic are those given in Table 5.1. The results obtained by considering 
longitudinal voids of three sizes, D=0.8m, 1.4m and 2. Om are presented here. 
The interface element parameters used are given in Table 5.2. 
Interface parameter Values considered 
Interface friction angle (5 (deg) 0; 12; 17; 24; 35 
Shear stiffness k, (kN/m') 2; 200; 10000; 20000 
Normal stiffness k, (kN/m') 2; 200; 10000; 20000 
Table 5.2: Interface properties in parametric study 
Reducing the normal stiffness resulted in non-convergent analyses for 
k, <IO, OOOkN/m 3 in all cases. With the exception of the smallest void size 
considered, the same was true of lowering the shear stiffness k,. Clearly these 
have a very significant effect on the pull-out capacity of the membrane. It is 
however reasonable to assume that for a well embedded geosynthetic the higher 
values of k, and k, would be appropriate. 
Assuming that the higher stiffness values of k, =k, =20, OOOkN/m 3 are applicable, 
the results obtained from varying the interface friction angle are shown in Figure 
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Figure 5.6: Variation ofgeosynthetic deflection 
due to changing the interface ftiction angle, for 
infinitely long voids of different widths 
5.6. Until the interface 
friction angle reaches zero 
(for which case it was not 
possible to obtain 
convergence in the 
analyses), there is no 
significant change in the 
deflection of the 
geosynthetic. if the 
membrane elements are 
pulling out more easily 
from the surrounding soil, 
this would be expected to 
increase the geosynthetic 
deflection above the void, 
but this effect appears to be negligible until the interface friction reaches 
extremely low values. In practice, the interface friction angle is unlikely to reach 
this extreme, considering the interlock between geogrids and fill materials. For 
(corresponding to 5/0'>0.33 in this case), the maximum change in the 
computed deflection of the geosynthetic due to changing 5 is just 1.5%. This is 
not deemed to be significant. 
The results presented in Figure 5.6 are all from analyses where interface 
elements are present. Although there is little difference seen in the behaviour of 
the geosynthetic as the interface friction angle is varied, a much greater 
difference is seen when the results of these analyses are compared with those 
analyses without interface elements. This difference becomes more significant as 
the void size reduces. Comparing the shape of the deflected membranes, it 
becomes apparent that there is little difference in the lateral movement of the 
node at the edge of the void. This suggests that the geosynthetic is not being 
pulled out from the soil. However when interface elements are used this node 
moves vertically downwards by a significant amount in all cases. This 
phenomenon can be seen in Figure 5.7, which shows the deflected shape of the 
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membrane above a 0.8m 
wide void. In this case the 
membrane node at the 
edge of the void (i. e. at a 
distance of 0.4m from the 
centreline) moves inwards 
by only 2mm, but moves 
downwards by l4mm. 
Without using interface 
elements the downward 
movement at this node is 
just 1.4min. The boundary 
restraints imposed in the 
analysis without interface 
elements do not prevent 
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Figure 5.7. Change in deflection of the 
membrane elements above an infinitely long 
0.8m wide void as the interface properties vary 
vertical movement. Closer inspection reveals that where interface elements are 
incorporated into the mesh, the membrane and upper row of interface elements 
settle further than the bottom edge of the lower row of interface elements, i. e. 
there is an overlap of material in this location. This is not feasible in practice. 
However it does explain why the smaller voids appear to be more adversely 
affected by the inclusion of interface behaviour, because this deformation occurs 
at the edge of the void, the exact location from which a classical arch would be 
springing. The defort-nation makes it harder for an arch to form. Since the 
strongest arches form over smaller voids, the effects of this difficulty in forming 
an arch are more significant over smaller voids. 
If the maximum deformation, above the centre of the void, is reduced by the 
amount of vertical movement at the edge of the void for those cases where 
interface elements are modelled, then it is found that for the 0.8m wide void 
shown in Figure 5.7, there is still an increase in deflection when interface 
elements are present in the mesh, but it is much smaller (approximately 8%). For 
the 1.4m wide and 2. Om wide voids, this difference in deflection is even smaller 
when interface elements are present, approximately 3% and 4% respectively. 
Although this is only a crude measure of estimating the true maximum 
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deflection, it suggests that the differences between those analyses with and 
without interface elements are small enough to be ignored. 
Another effect of incorporating interface elements into the mesh should be a 
smoothing of the tensile force distribution in the membrane elements. This will 
be beneficial in terins of increasing the capacity of the geosynthetic, since it will 
be less likely to rupture. In the previous analyses with no interface elements, it 
has been found that the tensile forces in the membrane elements are greatest at 
the edges of the void, where movement is restrained. This is shown in Figure 5.8, 
which shows the distribution of mobilised tension along the membrane elements 
A- ----------------------------- above a 
0.8m wide void. 
: - 
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----- ------ L interface elements have 
been used the force (D 
La 4L------ distribution is very similar E 
a) E 
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Figure 5.8: Change in distribution offorces in for the case without 
the membrane elements above an infinitely long interface elements there is 0.8m wide void as the interface properties vary 
a clear reduction, in this 
case of 12.5%, due to using interface elements. This effect is also seen for the 
wider voids, and the reduction in maximum tensile force is 8.0% and 7.0% for 
1.4m and 2. Om wide voids respectively. The geosynthetic strains behave 
similarly, since they are directly related to the forces via the tensile modulus of 
the geosynthetic. Although the analyses without interface elements do therefore 
slightly over-predict the stress in the membrane, this is conservative at least. 
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In conclusion, comparison of the results of the analyses incorporating interface 
elements between the membrane elements and the surrounding soil, and those 
analyses without interface elements, indicates that the presence of the interface 
elements does not significantly affect the membrane stresses and deformations. 
Consequently the remaining analyses in the parametric study have been 
performed without interface elements. 
5.6 Geometrical variations 
The intuitive result that increasing the void size increases the deflection of the 
geosynthetic has already been illustrated in Figure 5.3. The relationship between 
void size and geosynthetic deflection when all other conditions are the same is 
non-linear, with the deformations increasing more as the void grows. However it 
has been identified in the course of the literature review that it is the HID ratio 
which has a governing effect on the behaviour of the system, as it dictates 
whether or not it is possible for a soil arch to form. The maximum geosynthetic 
deflections above a 0.8m, 1.2 
1.4m, or 2m wide void as 
the fill height changes for 1 
both plane strain and 0 0.8 
axisymmetric analyses are 8 W 0 
shown in Figure 5.9. 0.6 
Again, the basic case 0 
material parameters have 
'E' 0.4 
been used as given in 
D E 
Table 5.1. It can be seen 
0.2 
that in all cases there is a 
value of HID beyond 
which no further 
significant increase in 
geosynthetic deflection is 
seen. This indicates the 
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Figure 5.9: Variation ofgeosynthetic deflection 
due to changing HID ratio when the void is 
either circular or infinitely long 
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minimum HID ratio at which some form of arch will form, which thereafter 
transfers any additional load applied to the system to the foundation soil 
surrounding the void, and away from the geosynthetic. 
Contrary to expectations derived from the literature, this critical HID ratio is not 
the same for all of the void sizes considered. For example, consider the 
axisymmetric analysis: when D=0.8m the critical HID ratio is approximately 
1.5, but when D=2. Om this ratio is reduced to approximately 0.8. In fact for 
these analyses it can be shown that with these soil and geosynthetic parameters 
the formation of an arch 1.2 ------------------------------- 
occurs at consistent values 
1 ---------- of H, rather than HID, for E 
A--A---A D=OJ the different void shapes. 
0 D=1.4mý AS 
(D D=2.0m, AS This is illustrated in 
(D A-A---A D=0.8m, PS 
_0 
D=1.4m, PS 
.2 
Figure 5.10. It can be seen Z 0.6 ------------------ 0--o-O D=2.0m, PS - I 
that for this particular set 
0 (D 
0) of material parameters, E 0.4 ---------------- III I M- E the maximum deflection 
2 
0.2 4 of the geosynthetic is ' 
A 
_T_ 
A 
similar for all fill heights 
0 All III beyond 1.2m if the void is 
0123 4 
Fill height H (m) circular in shape, or 
Figure 5.10: Variation ofgeosynthetic approximately 2.5m if the 
deflection due to changingfill height H when 
the void is either circular or infinitely long void is trench-like. 
In summary, the geometrical variations considered in this parametric study 
indicate that the generation of arching in the fill, and therefore the behaviour of 
the whole system, is very dependent on the size of the void and its geometrical 
form. Simply using the HID ratio is not necessarily as reliable an indicator of 
arching in the fill as might have been expected from the literature review. It 
would appear that a minimum thickness of fill is required for an arch to form, for 
a certain set of material properties and void geometry, regardless of the void size. 
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Where the surface settlements have been computed, it is evident that as the void 
size increases (and HID reduces, since H=4m in all of the cases where the surface 
settlements have been computed) the settlement troughs become deeper and 
wider. This data does not indicate any more precise relationship between HID 
and the amount of settlement that occurs at the surface. 
The axisymmetric analyses - of circular voids - always produce smaller 
deformations and stresses than the plane strain analyses of infinitely long voids. 
All of the analyses performed during the course of this parametric study have 
been analysed using both geometries, however for the purpose of illustrating the 
behavioural trends of the system when the fill material properties, the 
geosynthetic properties and the soil- geosyntheti c interface properties are varied, 
only the results of the plane strain analyses will be presented here, unless there is 
a discrepancy between the behaviour above the different void shapes. Where the 
behavioural trends described in the following sections are identical in both the 
plane strain and axisymmetric analyses, it is more likely that failure conditions 
will be reached in the plane strain case, which is why it is preferred to show these 
results here. 
5.7 Fill material properties 
As noted previously, an elastic-perfectly plastic material model with a Mohr- 
Coulomb failure criterion is used to model the fill, with cohesion c' and angle of 
internal shearing resistance 0'. The elastic part of the material response is 
described by a constant Young's modulus E and Poisson's ratio U. The values of 
these parameters considered in this parametric study are described in Table 5.3. 
Where no particular KO value is specified, the value is calculated according to 
equation (5.1). Since p is not a variable in this parametric study and is kept at a 
value of 0.3 in all of the analyses, the value of Ko calculated by ICFEP will be 
0.43. 
The properties of the underlying foundation soil were not altered in any of the 
analyses in this study, and were kept at the values given in Table 5.1. These 
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properties describe a very rigid material. This corresponds to the assumptions 
used to derive the design methods described in Section 2.6 of this thesis. 
Fill parameter Values considered 
Coefficient of earth pressure KO 0.43; 0.50; 1.00; 1.50 
Young's modulus E (kPa) 20,000; 50,000 
Poisson's ratio p 0.3 
Cohesion c'(kPa) 0 
Angle of internal shearing resistance O'. fil, (deg) 25; 35; 45 
Angle of dilation v (deg) 0; 9; 17; 26; 35 
Table 5.3: Fill material Properties in parametric study 
Analyses have been performed for both plane strain and axisymmetric 
conditions. The consequences of varying the coefficient of earth pressure Ko, 
Young's modulus E, angle of internal shearing resistance 0' and angle of dilation 
v are considered separately in the following sections. 
5.7.1 Coefficient of earth pressure KO 
Mifsud (2005) found that Distance from centreline x (m) 
0 123456 
varying the Ko value, 04 -- while keeping all other - 
parameters constant at -0.1 ---- 
the values given in Table 
5.1, had no effect at all -0,2 
- LLL----L---- 
on the behaviour of the 
E -0.3 - --------LL----L----LI 
fill layer. An example of 
CL 
this is illustrated in Ln '0 -0.4 - --L----LL----LL---- 
Figure 5.11, which shows > 
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ution o sur ace e str t Ko=Oý50 
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;m 
settlements above a 2m Ko=1,50 
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Figure 5.11: Comparison of surface settlement 
for different values of Ko. profliles above a 2m wide longitudinal void as 
Near identical results are KO varies 
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obtained regardless of the value of KO. This finding is repeated for all of the void 
size and shapes considered, not only in terms of surface settlements but also 
membrane deformations and the axial stresses developed in the membrane. 
The apparent insignificance of KO seen here could be significant since KO is a 
parameter in Terzaghi's arching equation (2.18), and so would be expected to 
have some influence. According to this, an increase in the level of horizontal 
stress in the fill, by means of raising the value of KO, should enhance the fill's 
capacity to arch. If this were the case, the surface settlement profiles seen in 
Figure 5.11 would be expected to become shallower as KO increases, which is 
clearly not the case. 
5.7.2 Young's modulus E 
The Young's modulus E controls the magnitude of elastic deformations in the fill 
material. Two values were considered in this study, however they produce almost 
identical results in terms of the distribution of membrane stresses and 
deformations. Figure 5.12 shows the maximum geosynthetic deflections above 
circular voids of different 
4---------I---------------------- 
sizes, for both of the E, -20,000lea 
E 
ýý=50 
OMPa ' , , Young s modulus values 
E 
considered. There is very 3 --------- ------- I ------- ------ 
cc little difference in these 
_ 
results. Mifsud (2005) 
0-III I 
2-------J ------- L ------- J- -I found that the surface 
settlements are also 
E almost identical, 
E 
X MIII ardless of the value of I reg 
E. Since the stress levels 
0 to which the 
fill is 
0123 4 subjected are reasonably 
Void diameter D (m) 
low, the shear strength is 
Figure 5.12: Comparison of maximum 
computed geosynthetic deformations over 
low and the onset of 
circular voids of different sizes as E varies plastic behaviour will 
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occur before significant elastic deformations can develop. Therefore only very 
negligible differences in elastic deformations will develop unless very extreme 
values of Young's modulus are used. Within the range of likely values of E, the 
differences are insignificant, and the Young's modulus of the fill can be 
considered to have no effect on the system. 
5.7.3 Angle of internal shearing resistance 0' 
The results demonstrate that as O'fill increases, the deflections of the geosynthetic 
and the stresses developed within it are reduced. Figure 5.13 shows the 
or geosynthetic deformations seen in the plane strain analyses of a 4m thick fill 
layer with varying O'pl, and al l other material properties as given in Table 5.1. It 
can be seen that as O'fill increa ses, the geosynthetic deformations reduce slightly. 
This effect is more significant as the void width increases. The axisymmetric 
analyses follow the same 
2.5 ------------------------------- 
trend. When 0' 11 is 25' it fi --J- 1 (J,, =25deg II 
is not possible to obtain 
(V,,, =35deg I 
ý;,, =45deg 'f L----- 2L----- 
convergence for void , C: 
I 
I 
0 
widths above 2m, whereas IaD 
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for the larger values of 
0 fill it is possible to 
0 1 ------ L ----- bridge voids up to 2.4m E 
E 
wide. Therefore it is -X- CO 2 IL L- LI 0.5 ------ 
possible to bridge wider 
voids when the fill has a 
higher 0' 11, although the fi 
1 --Fj 
0 0.5 1 1.5 2 2.5 
deformations experienced 
Void width D (m) 
in these cases are highly Figure 5.13: Comparison of variation of 
maximum geosynthetic deflection above 
unlikely to be acceptable longitudinal voids of different widths, due to 
in practice. changing angle of shearing resistance infill 
The stresses generated in the membrane mimic the behaviour of the membrane 
deformations since they are directly related, up to failure, by the constant tensile 
stiffness of the geosynthetic J. The reduction in stress level in the membrane 
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elements as O'fiii increases indicates that there is a more efficient load transfer 
mechanism developing in the fill for higher values of Ofill. This phenomenon can 
be demonstrated by considering the orientation of the major principal stresses in 
the fill material. These plots illustrate the stress transfer mechanisms formed in 
the fill. In a soil layer with complete support beneath it and uniform surface 
loading above, and KO<l, the major principal stress will be vertical in all of the 
soil elements. Figure 5.14 shows the orientations of the major principal stresses 
in the soil elements around a 1.4m wide, infinitely long, void when the fill 
material has different values of O'fill. 
2.4m 
(a) 0' = 25' 
Figure 5.14: Orientation of the major principal stresses in the soil elements 
above a 1.4m wide longitudinal void when 0'fII varies 
In case (b), where O'fi, 1=45', there is soil above the void in which the major 
principal stress is still vertical, suggesting that a soil arch has formed above the 
void and that the loading regime in the fill above this arch is unaffected by the 
presence of the void beneath. In fact, in case (b) the only affected fill is directly 
above the void, and beneath this arch. However in case (a), when O'fill =25', the 
extent of the affected fill is far greater. It can be seen that the orientation of the 
major principal stress is affected right up to the level of the ground surface. Also, 
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45' 
the affected fill mass extends laterally beyond the width of the void, becoming 
wider as it nears the ground surface, and thereby affecting a much greater volume 
of fill. 
Figure 5.15 shows the maximum membrane deflections as the fill height 
increases, for different values of O'fill, above the same 1.41n wide longitudinal 
void considered in Figure 5.14. It can be seen that in all cases the membrane 
deformations stabilise as H increases. The value of H at which there ceases to be 
any further significant increase in membrane deflection with increasing fill 
height varies with the 0.6 ------------------------------ 
value of 0' 11 - when 0' fi fill L 0.5 ---------------- t 
is 45', the membrane 
deformations are stable 
when H is greater than '6 
approximately 2.4m. 
.2 'r, 0.3--- -J ------- ------- J------- 
This corresponds to the 0 
height above which the 
0) 7 
E 0.2 -------L------------- =3 
orientation of the major CO 0.1 ------J ------- ý',,, =25 deg 
principal stress is 
I 
(F,,, =35 deg i 
Gý-49--e (V,,, =45 deg I 
unaffected, as shown in 0 --1 1 --1 
Figure 5.14(b). When 01234 Fill height H (m) 
O'fill is 250, the Figure 5.15: Comparison of variation of 
membrane deformations geosynthetic deflection above a 1.4m wide 
longitudinal void with changingfill height H, as 
are still not quite stable O'f, 11 varies 
even when H=4m. 
The results shown in Figures 5.14 and 5.15 indicate that for higher values of O'fill 
a stable load transfer mechanism develops in the fill, and further increases in fill 
height or surface loading are not transmitted to the geosynthetic reinforcement. 
Where the value of O'fill is lower, the column of fill above the void is being held 
in place by friction with the surrounding soil mass at all heights above the void, 
and that this load is being shed beyond the boundary between the moving and 
stationary fill masses thereby affecting a much greater volume of fill. Since a 
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certain amount of displacement along the shear surface is required to fully 
mobilise the friction, the mechanism requires more load to be applied to trigger 
this movement. This is why in this case the membrane deformations are still 
increasing slightly as the fill height H increases, even when H reaches 4m. 
This phenomenon has implications for the shape of the surface settlement trough. 
There is a difference in behaviour when the surface settlements above 
longitudinal and circular voids are considered, and these differences are 
consistent for each of the three void sizes considered. 
Considering a 1.4m wide longitudinal void again, Figure 5.16 shows the surface 
settlements above the void, for different values of O 'fi, /. It can be seen that the 
surface settlement trough becomes slightly shallower and narrower as the value 
of O'fill increases. The reduction in width of the settlement troughs is due to the 
reduced lateral extent of the affected soil mass as O'fill increases, which has 
already been described. 0- --------------- 
Since the fill in these 
I I -l I analyses is assumed to be L- L L L 'E' -40- 
non-dilatant during 
shearing i. e. its volume 
-80 ------L-----L------ , 
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remains constant, this 
E 
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01 the settlement troughs 
tE 
Q) must be due to the > -160 -LL ý',, =25deg 
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of material displaced at 
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I 
o12345 the level of the 
Distance from centreline (m) 
reinforcement during 
Figure 5.16: Settlement troughs above a 1.4m 
wide, infinitely long void, when O'f, varies fil these analyses. 
However when the void shape is circular, the settlement troughs still become 
narrower as O'fill increases, but they also become deeper. This is shown in Figure 
5.17, for a 1.4m diameter circular void. The same phenomenon is seen for all of 
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0 -T--- -r the void diameters 
considered. In this case, 
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Figure 5.17. Settlement troughs above a 1.4m reaches a certain value. 
wide, circular void, when 0' varies fill For the circular voids 
there is a much smaller difference between the fill heights at which this occurs 
when O'fill varies, than there is when the voids are infinitely long. The difference 
in membrane deflections as O'fiii varies is also much smaller. Now when 
O'fill=25', d--0.24m, and when O'01=45', d=0.21m. Therefore there is little 
difference between the displaced volume of fill at the level of the reinforcement 
as O'fiij varies. Again there is no dilation, so the displaced volume of fill at the 
ground surface must also be similar in all cases. Because the load is shed further 
laterally when O'. fill Is lower, the settlement trough is wider, as in the case of 
longitudinal voids, but since the displaced volume of fill is roughly constant this 
trough must be shallower than the narrower troughs that occur when O'fill is 
higher. 
In the general case, the relationship between the displaced volume of soil at the 
surface and the width of the settlement trough (influenced by O'fiij because this 
governs the lateral extent of load-shedding) is the key to determining the 
maximum depth of the settlement trough. For the purpose of illustration here, if 
the deformed shape at the ground surface is parabolic, as assumed by the British 
Standard BS8006 approach and the RAFAEL methodology, then the displaced 
volumes are given by the following equations: 
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For infinitely long voids: 
For circular voids: 
v= 
2d, D, 
(5.2a) 
3 
v=d, 
D, 2 (5.2b) 
3 
Consequently for circular voids the relationship between the depth and width of 
the trough is much more sensitive to changes in the width of the trough than in 
the case of an infinitely long void, because of the third dimension being taken 
into account. This is discussed in more detail in Section 6.4. 
5.7.4 Angle of dilation v 
Increasing v has two beneficial effects with regard to this system - the dilation of 
the fill material as it shears will not only reduce the surface settlements, but will 
also enhance the transfer of load within the fill, thereby improving the arching 
behaviour. The analyses conducted to investigate these effects have used the 
basic case parameters 1.2 -- ----------------------------- 
-D=O. Bm 
given in Table 5.1 with D=1.4m 
the exception of the angle 
Ij D=2. Om 
ýý 
of dilation in the fill. 0 
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Figure 5.18: Variation ofgeosynthetic 
deflection due to changing dilation angle above 
infinitely long voids of different widths 
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in the membrane deflection as v increases, and that this becomes more significant 
as the void width increases. For the smaller void width of 0.8m, the reduction in 
geosynthetic deflection reduces by approximately 7% as v increases from zero to 
35'. But when Dý2.0m, this reduction is as high as 28%. This result is due to 
the enhanced arching capacity of the fill as v increases; since a reasonably stable 
arch has formed above the 0.8m wide void even when the fill does not dilate 
during shearing, there is little improvement when dilation does occur. However it 
is more difficult for an arch to forrn over wider voids, and the benefits of dilation 
allowing a stronger arch to form are seen as a reduced loading, and therefore 
deflection, at the level of the geosynthetic membrane. This effect can also be 
seen in Figure 5.19 below. 
\A\-l-wwA\\A\\\\ \\\\\ 
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(a) v= 
Figure 5.19: Orientation of the major principal stresses in the soil elements for 
an infinitely long Z Om wide void when v varies 
Figure 5.19(a) shows the orientation of the major principal stresses above a 2. Om 
wide longitudinal void when the angle of dilation in the fill is zero. It can be seen 
that the stress regime is affected through the full thickness of the fill layer. Figure 
5.19(b) shows the same when the angle of dilation in the fill is 35'. In this case, 
the stress regime in the upper parts of the fill layer is unaffected by the presence 
of the void. This indicates the formation of a soil arch, which will reduce the 
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(b) v= 35' 
stresses reaching the membrane. In addition to this, the fill is also expanding as it 
shears while it tries to move downwards, both of which effects will contribute to 
a reduction in the surface settlements. 
This reduction in surface 0.6 ----------------- AA D=0.8m 
settlements can be seen D=1.4m 
0.5 D=2. Om 
from the results obtained 
by Mifsud (2005), which 0.4 L-- - -J 
are presented in Figure 
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5.20. Figure 5.20 shows 0.3 
the maximum calculated 5n, 
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fill the material Figure 5.20: Variation of maximum surface 
parameters are as given in settlement due to changing dilation angle, 
Table 5.1 and three above 
infinitely long voids of different widths 
different void widths have been considered. The dramatic reduction in surface 
settlements seen as v increases is clear. Wb en v=3 5' (equal to 0' in this case), 
there is no significant surface settlement above any of the void widths considered 
here. It should be noted that the width of any surface settlement trough does not 
appear to be affected by the value of v, however the definition of the width of a 
settlement trough becomes crucial when making any such statement when the 
surface settlements are small. This will be discussed in more detail in Chapter 6 
of this thesis. 
These results indicate that the dilatancy of the fill is a very significant parameter 
in the behaviour of a reinforced fill layer above a void. Since most fills should be 
placed with a reasonable degree of compaction, it might reasonably be expected 
that the fill will dilate to some extent when sheared. This should be taken into 
account in the design of such a system. 
149 
5.8 Geosynthetic properties 
Four parameters are needed to model the geosynthetic as a membrane, namely 
the tensile modulus J, thickness t, Poisson's ratio p and the ultimate tensile 
strength T,,,. The values of these parameters considered in this parametric study 
are described in Table 5.4. 
Geosynthetic parameter Values considered 
Tensile modulus J (kN/m) 0.5; 2.5; 5; 25; 50; 500; 5000 
Thickness t (mm) 5 
Poisson's ratio p 0.2 
Ultimate tensile strength TI, 
(kN/m) 
5; 10; 50; 100 
Table 5.4: Geosynthetic material properties in parametric study 
The values of the T,,,, have been chosen to represent typical values quoted in the 
specification guides (Geosynthetics Directory 2004/2005 and GFR Engineering 
Solutions 2004 Specifier's Guide). It is assumed that the geosynthetic cannot 
tolerate any compressive axial loads. 
The tensile modulus of a geosynthetic is a difficult parameter to deten-nine, 
owing to its non-linear nature and the high propensity of geosynthetic materials 
to creep. The geosynthetic specifier's guides do not quote values for this 
property. The literature also does not give definitive values, however the range of 
values used in this study corresponds well with the range of values used by Rowe 
(1982) in his parametric study of a reinforced embankment at Pinto Pass, as well 
as covering the range of values seen elsewhere in the literature. The most 
commonly quoted values seem to be of the order of magnitude of approximately 
100-10OOkN/m. Lawson et al (1996) suggest that the relationship J=IOT,,,, is 
valid for polymeric reinforcements, but this does not seem to be substantiated 
elsewhere in the literature. Moreover it is desirable in this parametric study to 
alter the variables independently. This relationship is however satisfied by some 
of the combinations of J and T,,,, considered in these analyses. 
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Generally, just one layer of geosynthetic has been included in the analysis. 
Additional analyses with up to four layers of geosynthetic, each layer having the 
same material properties, have also been perfon-ned and the results are presented 
here in Section 5.8.3. The effects of including multiple layers of reinforcement 
with the same total strength and stiffness properties, in which case the properties 
of each layer depend on the number of layers, has been considered by Lawson et 
al (1996), and is described in Section 2.5.2.2. 
It should be noted that no allowance has been made for creep in the selection of 
material parameters for these analyses. This is because the particular design 
scenario considered in this thesis is that of low-rise, largely residential, 
development above a reinforced fill layer. In the event of a void forming beneath 
such construction (construction sequence A) and causing surface settlements, it is 
deemed probable that remedial work would be undertaken within a very short 
amount of time. Therefore significant creep effects are unlikely to develop. 
Construction sequence B is less likely to occur in practice, since known voids are 
likely to be infilled or bridged by other means. In either case Bridle et al (1994) 
have observed that the amount of creep seen could well be less than expected 
from in-isolation tests on geosynthetic materials because of the confining effect 
of the interlocking fill particles. 
5.8.1 Tensile modulus J 
As expected, the value of the tensile modulus J has a significant effect on the 
behaviour of the geosynthetic when loaded. As J reduces, the same loading 
conditions produce a greater deflection of the geosynthetic. This is shown in 
Figure 5.21. The data plotted in Figure 5.21 have been generated from the 
analyses of longitudinal voids of different widths beneath a 4m high geosynthetic 
reinforced fill layer. With the exception of the tensile modulus of the 
geosynthetic, the other parameters used in these analyses are as given in Table 
5. L Figure 5.21 shows that for the same void size, the deflections increase as J 
reduces. In terms of reducing the deflections, the benefits of increasing the 
stiffness reduce as the stiffness increases. For example, when the void width is 
2m, the value of d is Im when J=50kN/m, 0.3m when J=50OIcN/m and 0.13m 
when J=50OOkN/m. So the reduction in d is much smaller between the two stiffer 
151 
2.5 ----------------- --------I----- geosynthetics. For each 
- 
7 
A---A--A J=50OOkN/m 
J=500kN/m value of J, the data are 
J=50kN/m 
E 2 J=25kN/m L- ----- J------- shown up to the +1 J=5kN/m 
(D V IF J=2.504/m maximum void size for M--j3-M J=0.5kN/m 
0 1.5 -j ------- L ------ J------- which it was possible to a) 0) III 11 
obtain numerical 
CD ------- ---- - ------ convergence in the 
E analyses. Figure 5.21 
X CO 0.5 ------------ therefore also 
demonstrates that 
0 -F T- T--'ý -T---F -1 f --T--F- generally, the width of 
o1234 void that can be spanned Void width D (m) 
Figure 5.21: Variation ofgeosynthetic increases as stiffer 
deflection due to changing geosynthetic tensile geosynthetic materials are 
modulus above infinitely long voids of different 
widths used. There is an 
exception for the stiffest geosynthetic considered h ere, the reasons for which 
become apparent when the development of tensile forces in the geosynthetic is 
considered. 
For the same analyses presented in Figure 5.21, the tensile axial forces developed 
in the membrane for each void size are shown in Figure 5.22 for different values 
of J. 
When J<50kN/m, then for a given void width, there is very little difference 
between the maximum tensile forces acting in the geosynthetic, regardless of the 
geosynthetic stiffness. In these cases the data for the different values of J plot 
onto the same curve in Figure 5.22, but are truncated at whichever was the 
maximum void size for which it was possible to obtain numerical convergence. 
When J<50kN/m, the maximum mobilised tensile force in the last convergent 
analysis is always lower than the ultimate capacity of the geosynthetic, which is 
lOOkN/m in all of these analyses, so these analyses are not failing because of 
geosynthetic rupture. Instead, the analyses fail to converge because the increase 
in deformation of the geosynthetic seen when J is lower results in a loss of 
support to the soil above the void. Above the comer of the void, this induces very 
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high shear stresses where the soil above the void is trying to move downwards, 
but the adjacent soil is stationary. These stresses exceed the strength of the fill 
material. 
For the stiffer -ý 
z 
geosynthetics however, 
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Figure 5.22: Variation of maximum axialforce 
in geosynthetic due to changing geosynthetic 
tensile modulus above infinitely long voids of 
different widths 
developed in the membrane reaches the ultimate capacity of the geosynthetic for 
voids greater than 2.6m in width. The analyses converge for larger void sizes 
than this because these forces are redistributed in the membrane, however once 
the tensile forces reach this value, large strains can develop because of the elasto- 
plastic membrane behaviour (see Section 3.2.3.2), which explains the increase in 
geosynthetic deflection seen for void widths between 2.6 and 3.8m in Figure 5.21 
when J=50OOkN/m. When it is no longer possible to redistribute these forces, the 
geosynthetic ruptures. This is why it is not possible to span the largest void sizes 
considered with the stiffest reinforcement. This only happens for the very stiff 
reinforcement materials. 
Similar behaviour is seen when the void shape is circular, in that the 
deformations are always increasing as J reduces, and that the tensile forces 
mobilised in the membrane are similar regardless of the value of J when 
,, ý<50kN/m, but that stiffer reinforcement attracts more load. 
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The results shown in Figure 5.22 suggest that whenever J<ýý50kN/m, the stresses 
applied to the membrane must be the same, since the resulting T is the same for a 
given void, regardless of the value of J. From this it may be deduced that any 
load transfer mechanism that has developed in the fill is not influenced by 
changes in J over this range. For the stiffer geosynthetic materials, when 
. L>500kN/m, the generated loads are higher, suggesting that in these cases the 
reinforcement is influencing the response of the fill to the formation of a void. 
The plots in Figure 5.23 show the orientation of the major principal stresses in 
the fill above a 2. Orn wide, infinitely long, void for two different geosynthetic 
stiffnesses. 
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Figure 5.23: Orientation of major principal stresses in the soil elements for an 
infinitely long 2. Om wide void when J varies 
In Figure 5.23(a), when J is relatively low, the stress regime above the void is 
affected through the full thickness of the fill layer. For the case of the very stiff 
reinforcement in Figure 5.23(b), a soil arch is seen to have formed. 
The increase in deflection of the geosynthetic as J reduces, seen in Figure 5.21, 
has implications for the surface settlements. Figure 5.24 shows the surface 
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5.8.2 Ultimate tensile strength T,,,,, 
The ultimate tensile strength describes the maximum axial force than can 
develop in the geosynthetic before it will rupture. Analyses varying this value 
have been performed using the basic case material properties in Table 5.1, and in 
particular a constant stiffness J, of 50kN/rn. It has been found in all of these 
cases that the deformations of and forces acting in the geosynthetic are exactly 
the same, until the ultimate capacity of the geosynthetic is reached. At this point 
the system fails because the geosynthetic will rupture. This is illustrated in 
Figure 5.25, in which the maximum axial force that develops in the membrane as 
the ultimate tensile capacity of the membrane changes is shown, for different 
void widths. Although the results shown here for T,,,, =50kN/m and T,, It=IOOkN/m 
don't actually reach those ultimate values, increasing the void width by 0.2m 
from the maximum value seen in Figure 5.25 does generate an axial force in 
excess of the ultimate tensile capacity in both cases. Generally the force acting in 
the membrane is the same for a given void width, whatever the value of the 
ultimate capacity of the geosynthetic. There is some redistribution of the forces 
in the membrane elements as the magnitude of the axial force in the membrane 
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shape is circular. 
Therefore the effect of increasing T,,,, is to increase the capacity of the system, for 
example by allowing wider voids to be bridged, or poorer quality fills to be 
supported, but it has no beneficial effects in terms of the overall behaviour of the 
system, such as reducing the deflections or lowering the stresses developed in the 
system as a whole. 
5.8.3 Number of layers of reinforcement 
In addition to varying the properties of the reinforcement material, analyses have 
been performed incorporating more than one layer of geosynthetic reinforcement. 
Up to four layers have been modelled, at vertical spacings of 600mm. In these 
analyses the material properties were maintained at the basic case values given in 
Table 5.1. 
The deflections of the lowest layer of geosynthetic above both longitudinal voids 
(PS) of different widths and circular voids (AS) of different diameters are 
presented in Figure 5.26. It can be seen that by using more than one layer of 
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deformation of the lowest Figure 5.26: Variation of deflection of lowest 
layer of reinforcement. geosynthetic layer due to changing the number 
For voids more than 1.8m of 
layers ofgeosynthetic reinforcement above 
voids of different shapes and sizes 
wide there is a reduction 
in the deflection of the lowest geosynthetic layer if more than one layer is placed. 
However there is no benefit i n using more than two layers of reinforcement in 
terms of reducing these de formations. The same is true of the mobilised axial 
forces in the geosynthetic. The reduction in both deformations and membrane 
forces is the same if two, three or four layers of reinforcement are present. 
The stresses and deflections generated in the upper layers of geosynthetic are 
unaltered when additional layers are installed, confirming that there is no benefit 
in installing more than two layers. Mifsud (2005) demonstrates the same again 
when considering the surface settlements - the second layer causes a slight 
reduction in the surface settlements, but adding the third and fourth layers makes 
no difference. This result is slightly different to that of Lawson et al (1996), who 
found no benefit from using more than one layer of reinforcement. However in 
their analyses they maintained the same total strength and stiffness of the 
reinforcement, by reducing the strength and stiffness of each layer of 
geosynthetic as more layers were installed. The approach used here of keeping 
the same properties for each layer means that the total strength and stiffness will 
increase as the number of layers increases. 
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Increasing the number of layers should increase the total stiffness by a factor 
corresponding to the number of layers. However, the support provided by the 
geosynthetic acting as a tension membrane depends on the deformation of the 
geosynthetic, and each geosynthetic layer deflects less and less as the distance 
above the bottom layer increases. Therefore the increase in stiffness due to 
increasing the number of layers is not comparable with simply changing J in a 
single layer analysis. The third and fourth layers of geosynthetic, where installed, 
experience only very small deflections. They will therefore mobilise very low 
axial stresses, only a very small component of which will be vertical. Their 
effectiveness might be increased if they are placed lower in the fill (i. e. if the 
vertical spacing is reduced), where they would experience greater deflections. 
The trade-off in doing so is that this may reduce the effectiveness of the interlock 
mechanism between the geosynthetic and the fill. A sufficient thickness of fill is 
required between the layers of reinforcement to ensure that each layer of 
reinforcement interacts with the surrounding fill independently of the other layers 
of reinforcement, to maximise their effectiveness. 
The upper layers of geosynthetic also have a confining effect on the fill above, 
which might be expected to enhance its arching capacity. However the lack of 
any appreciable improvement in the geosynthetic deformations or stress levels 
suggests that this is not the case. 
5.9 The consequences of the arch breaking down 
In the analyses considered so far it has been found that some load transfer 
mechanism will always develop in the fill and is frequently sufficient to prevent 
further downward movement of the fill material above the void. In many cases 
this load transfer mechanism does not appear to be in the form of a stable 
classical arch. The long-term support provided in such cases is questionable. 
Even in those cases where a stable arch does forrn, it is possible that the arch 
could degrade over time for a number of reasons, such as a rising groundwater 
table (which would reduce the effective stresses in the fill layer), mechanical 
disturbance such as excavation or excessive vibrations, or the degradation of the 
fill particles within the arch itself To investigate the implications for the system 
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as a whole in the event of the arch collapsing, a series of analyses have been 
undertaken in which the arching behaviour of the fill has been eradicated. This 
has been achieved using a partially saturated soil model for the fill material, and 
then raising the groundwater level after construction of the void and fill material 
is complete. The full details of these analyses and the results are presented in this 
section. 
5.9.1 Partially saturated soil model 
The soil model adopted for these particular analyses is a Mohr-Coulomb material 
model, modified to allow for the effects of partially saturated soil behaviour. 
Prior to the onset of plastic behaviour, the elastic soil response is still governed 
by a constant Young's modulus E and Poissons ratio p. The Mohr-Coulomb 
failure criterion still holds, with cohesion c' and angle of internal shearing 
resistance 0'. 
In this model, the bulk modulus of the soil can be increased with increasing 
suction, to model an increase in the stiffness of a partially saturated soil as the 
suction increases to high values. However this was not necessary in this case, as 
there is no suction being modelled in the fill initially, and in subsequent stages 
the fill experiences inundation and therefore an increase in the pore water 
pressures. Since this feature was not to be used an air entry suction value of zero 
was assumed, and the stiffness of the fill was maintained at a constant value 
regardless of the suction. 
5.9.2 Modelling a rising groundwater table 
The initial stages of the analyses were performed as in previous cases. The initial 
stresses are formulated assuming that no groundwater is present. In these 
analyses the void was present from the start of the analysis and the fill layer was 
constructed in stages, one row of elements at a time, as previously (construction 
sequence B). This means that at the end of construction, the ground surface is 
level. This is a reasonable assumption since the system is stable, and so any 
surface deformations are likely to be levelled in practice, in the short term at 
least. It means that any subsequent settlements are entirely due to the inundation 
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of the fill layer. At this stage there are no pore-pressures in either the fill or the 
underlying foundation soil. Mifsud (2005) has considered the alternative 
construction sequence, in order to confirru the results presented here. 
In the subsequent increments of the analysis, the pore pressures in the fill are 
raised gradually. In the first increment, the phreatic surface (pore pressure 
u=OkPa) is placed at the top of the first row of elements above the geosynthetic 
reinforcement, and the pore pressure at the base of the mesh is calculated and 
applied to model a hydrostatic pore pressure regime. In the next increment, the 
phreatic surface is moved up by one row of elements, and the pore pressure at the 
base is adjusted to account for this increase and maintain the hydrostatic pore 
pressure regime. This process continues until the phreatic surface reaches the 
ground surface. In this way, the rise of the water table is modelled over a number 
of increments. 
5.9.3 Model parameters 
The mesh presented in Figure 5.1 was used for these analyses. In all of the cases 
considered, the fill thickness was assumed to be the full 4m. This maximises the 
HID ratio and therefore, according to theory, the arching potential in the fill 
material. In addition, only circular voids (axisymmetric conditions) have been 
analysed. The conditions are more onerous in the case of an infinitely long void, 
and worsening them by reducing the effective stress in the fill in this way causes 
the analyses to fail at an early stage. It has been found for the void sizes 
considered here that it is only possible to raise the phreatic surface to ground 
level when analysing a circular void. 
Different void sizes have been modelled in order to assess the consistency of 
behaviour, namely D=0.8m, 1.4m and 2.0m. In addition, the O'fill value has been 
varied in these analyses; values of 25', 35' and 45' have been applied. The other 
material parameters used in these analyses are those employed in the previous 
analyses, given in Table 5.1. 
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5.9.4 Results 
The worst case considered is the case of the void with a diameter of 2.0m, and so 
the results presented here are from these analyses, for the different values of O'fill. 
Similar trends were observed for the smaller void sizes, but the deflections and 
stresses were correspondingly smaller than in the cases presented here. 
5.9.4.1 Geosynthetic deformation 
The increase in geosynthetic deflection seen as the groundwater table rises above 
a circular void of 2. Om diameter is shown in Figure 5.27. It can be seen that, 
regardless of the value of O'fill, after the phreatic surface has reached a certain 
level the geosynthetic deflection approaches a unique value for a given location 
of the groundwater table. 
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Figure 5.27. Variation ofgeosynthetic deflection the fill - and its shear 
due to a rising phreatic surface above a 2m 
strength - depend on the diameter circular voidfor different values of O'f, 11 
value of O'fill, there 
should be a difference in behaviour as O'fiij changes if some load transfer 
mechanism exists in the fill. This uniform behaviour suggests that these 
mechanisms are no longer active. Without this support, the full weight of the 
falling fill mass above the void is now being carried by the geosynthetic. A 
similar trend, and the same conclusion, is reached if the stresses developed in the 
geosynthetic membrane are compared. As noted previously, until the load in the 
161 
reinforcement reaches T,,,, these two quantities are directly connected by the 
tensile modulus J of the geosynthetic, which has been held constant for these 
analyses. 
5.9.4.2 Surface deformations 
The maximum surface deformations for different values of O'. fill above a 2. Om 
diameter circular void are shown in Figure 5.28 as the phreatic surface rises. It 
can be seen that the surface deformations are consistently smaller when O'fill is 
smaller. At first glance this result is somewhat counterintuitive. Where the falling 
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certain level, in this case Figure 5.28: Variation of surface settlements 
due to a risingphreatic surface above a 2m 0.8m above the diameter circular voidfor different values of 
geosynthetic. However 0'r11 
the deforination of the geosynthetic suggests that once this level has been 
reached, the falling fill column will displace vertically by the same amount each 
time the phreatic surface is raised, regardless of the angle of shearing resistance 
of the fill material, as shown in Figure 5.27. Since the fill in these analyses is 
non-dilatant in all cases, the surface settlements might be expected to do the 
same, but Figure 5.28 indicates that the settlements are smaller when O'fill is 
smaller. This apparently contradictory behaviour can be explained using the plots 
in Figure 5.29, which shows the orientation of the major principal stresses in the 
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fill material prior to the start of inundation, and when the phreatic surface reaches 
ground level. 
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(c) After inundation; O'. fill = 25' (d) After inundation, O'fill = 45' 
Figure 5.29: Orientation of the major principal stresses in the soil elements 
when the groundwater table is at the base of thefill layer and at the top of the 
fill layerfor a 2. Om diameter circular void when 0ý,,, varies 
It was shown in the previous analyses, not considering the presence of any 
groundwater, that as O'fill increases, the lateral extent of the fill affected reduces. 
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This is discussed in Section 5.7.3, and can be seen for the case of a 2. Om 
diameter circular void in Figure 5.29(a) and (b). It can be seen from Figure 
5.29(c) and (d) that this difference in load transfer mechanism is responsible for 
the surface settlements seen as the fill material is inundated. In case (c), when 
O'fill is lower, the affected fill has a wider lateral extent and when the pore 
pressures rise, the effect is dissipated over a wider area. This propagates to the 
surface as the phreatic surface rises, resulting in a wider surface settlement 
trough. In case (d), where a higher value of O'fill is considered, the load transfer 
mechanism supporting the falling fill column prior to inundation is much more 
constrained laterally, and is confined to a small region immediately adjacent to 
the falling column. When inundated, only this area is adversely affected, and the 
movement of material is almost purely vertical. Hence the surface settlement 
trough is narrower. Since the displaced volume at the surface must be the same 
as the displaced volume of fill material at the level of the geosynthetic if the fill 
material does not dilate when sheared, and the geosynthetic deflections are seen 
to be the same for a fully indundated fill layer regardless of O'fill, this means that 
the narrower trough seen for higher O'fill values will be deeper than the wider 
trough seen when O'fiil is lower. 
5.9.4.3 Construction Sequence 
As noted previously, Mifsud (2005) investigated the same phenomenon, but 
using a different construction sequence. In those analyses, the fill layer is 
constructed in stages, before the void is excavated beneath it, in accordance with 
Sequence A described in Section 5.4. Inundation then proceeds in the manner 
described in Section 5.9.2. The effects of varying 0', fill were not investigated, and 
there were difficulties in obtaining convergence for complete inundation of the 
fill in many cases. Where results were obtained for comparable situations, the 
geosynthetic deformations observed during the inundation of the fill agree well 
with those presented in Section 5.9.4.1. Using Sequence A, there were some 
surface settlements already existing prior to the start of inundation, arising from 
the formation of the void. The increases in settlement due to inundation only (i. e 
the difference between the final settlement and that at the start of inundation) 
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agree reasonably well with the settlements presented in Section 5.9.4.2. However 
the data available for broader comparison are limited. 
5.10 The Influence of a structure at ground level 
All of the analyses considered so far assume that the void develops beneath a 
greenfield site, i. e. one on which no structures are present. Potts & Addenbrooke 
(1997) and Franzius et al (2004) have demonstrated that the presence of a 
structure above tunnelling works can have an effect on the stress regime in the 
soil beneath the structure and that the tunnel and surface defori-nations may be 
affected by this. Consequently, a series of analyses have been performed to 
investigate the influence of a structure being present at the surface of the fill 
layer, to determine any influence a structure might have on the behaviour of a 
reinforced fill load transfer platform above a void. A schematic of the problem 
geometry is shown below in Figure 5.30. 
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Figure 5.30: Schematic of a building built on a reinforcedfill layer above a void 
The behaviour of the structure is considered as well as its effects on the 
geosynthetic behaviour and the pattern of surface settlements. A parametric 
approach is taken, varying the number of storeys n, the lateral extent of the 
buildings B, and their lateral distance from the void e. The structures were 
modelled using beam elements, adopting the approach taken by Potts & 
Addenbrooke (1997) and Franzius et al (2004). 
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5.10.1 Beam elements 
The structure is modelled as a single beam with representative axial and bending 
stiffness properties. These elements are formulated directly in terms of bending 
moments, axial and shear forces and their associated strains (Potts & Zdravkovic, 
1999). The beam elements used in these analyses are three-noded isoparametric 
line elements, and have zero thickness. 
An isotropic linear elastic material model is used in all cases, with a Young's 
modulus E, second moment of area I, and cross-sectional area A. The 
computation of the input parameters for different building geometries is 
described in Section 5.10.4. 
5.10.2 Geometry and mesh 
All of these analyses are for plane strain conditions, which assumes an infinitely 
long void and an infinitely long structure at the ground surface. 
When the building is positioned directly above the void (i. e. the centreline of the 
void and the building coincide) the mesh used in these analyses is very similar to 
the one presented in Figure 5.1, but extended in the horizontal direction to a 
distance of 100m from the centreline. This allows the modelling of more than 
one building, or of a large building without invoking any inaccuracies because of 
the interaction of the affected soil with any imposed boundary conditions. Where 
the building is not positioned directly above the void, the problem is no longer 
symmetrical and a ftill mesh must be used. This is achieved by reflecting the 
half-mesh about the centreline. When this is done, the boundary conditions 
become a restraint on horizontal movement and vertical forces along both 
vertical boundaries, and prevention of any movement at all along the bottom 
boundary. Again, when a void is excavated the sides of the void need lateral 
support to prevent them falling inwards. 
In addition to widening the mesh, beam elements are positioned along the ground 
surface. Between the beam elements and the solid elements representing the fill 
beneath, a row of interface elements, as described in Section 3.2.3.3, have been 
included, as shown in Figure 5.3 1. This is necessary in order to allow the beam 
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Figure 5.31: Sketch of beam and interface match the fill material beneath. 
elements at ground surface in mesh They are not capable of 
sustaining any tensile forces. No interface elements have been used to separate 
the fill material from the membrane elements. 
5.10.3 Construction sequence 
The sequence of events modelled in these analyses is as follows: 
Prior to the start of the analyses all of the material above the geosynthetic 
reinforcement, including the beam and interface elements, are deactivated 
(by means of excavation, as previously). The underlying foundation soil 
is assumed to be intact at this stage, as in the previous analyses using 
construction sequence A. The membrane elements remain. 
As in the previous analyses using construction sequence A, the fill layer 
is constructed one row of elements at a time. Again each row is activated 
in one increment, and then its weight is applied in the next increment. 
Once the fill layer reaches its full thickness of 4m, the interface and beam 
elements corresponding to the desired position of the building are 
activated. Where the weight of the building was to be modelled, this was 
applied in a further increment of analysis. 
The elements within the void are then excavated over a number of 
increments, as described in Section 3.2.5.2. 
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5.10.4 Variables in the analysis 
Most of the variables considered in this study relate to the geometry of the 
problem, such as the width of the beam B, and its position relative to the void, e 
(the distance between the centrelines of the void and the building), as shown in 
Figure 5.30. The height of the structure is also varied; this has implications for 
the bending and axial stiffness of the beam elements, and also for the weight that 
is applied. For each building height considered, analyses have been performed 
with and without including the weight of the building. This allows the effects of 
the building's weight and stiffness to be considered separately. A selection of 
void widths have been analysed to ensure that the behaviour is consistent. The 
values used in the analyses are summarised in Table 5.5. The building width 
being modelled depends on the void size being considered because the behaviour 
at the surface is determined by the width of the surface settlement trough, which 
in turn depends on the void size. This is discussed more fully in Section 5.10.7.2. 
Variable Values used in analyses 
Void width D (m) 0.8; 1.4; 2.0 
Building width B (m) When D= 
When D= 
When D= 
0.8m; 
1.4m; 
2.0m; 
6.0; 8.0; 10.0; 12.0 
8.0; 10.0; 12.5; 15.0 
10.0; 11.0; 12.5; 15.0; 
20.0 
Eccentricity e (m) 0.0; 2.5; 5.0; 10.0 
Building height (storeys) 0; 1; 2; 3 
Table 5.5: Variables in analyses with a structure present at ground level 
The earlier analyses indicated that dilation in the fill material has a significant 
effect on the surface deformations in the greenfield case. The basic case 
parameters used to investigate the effects of the geometrical variables listed in 
Table 5.5 are for a non-dilatant material. Therefore some of the analyses have 
been repeated using a dilation angle v of IT, such that vlo'fill z 0.5. 
In addition, Skylakis (2005) has considered the effect of having more than one 
building present at ground level. This is discussed more fully in Section 5.10.9. 
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5.10.5 Material parameters 
There are now four different materials being modelled in the analyses - the 
underlying foundation soil, the fill material, the geosynthetic and the structure 
itself. The effects of varying the properties of the first three were investigated in 
the first parametric series of analyses described in Sections 5.1 to 5.8. They have 
therefore been held constant in these analyses at the basic case values given in 
Table 5.1. The fill material properties have been applied to the solid elements as 
previously, and to the interface elements between the fill and the beam elements 
representing the buildings. 
Elastic beams have been used to model buildings of 0 (i. e. a single slab), 1,2 and 
3 storeys. The number of storeys will affect the weight, and both the bending and 
axial stiffnesses of the structure. The properties of the elastic beam were 
calculated assuming that a building of m storeys consists of m+l slabs, with a 
vertical spacing of 3.0m. Each slab is assumed to have a thickness t of 0.2m. The 
properties of the equivalent single beam were calculated using the parallel axis 
theorem (Timoshenko, 1955) assuming the neutral axis of the building to be at its 
base, as follows: 
Cross-sectional area, A: 
M+l MA 
A= Ai = Ylti (5.3) 
Second moment of area, I: 
M+l M+l 2 M+l 
It 
i3 
M+l 
yi + Itiyi2 =JI, +I Ai y (5.4) 
i-I i-I 12 i=l 
Where: I= length of slab (out of plane); for plane strain analyses, I=1.0 
ti = thickness of each slab, taken to be tj = 0.2 
yj = vertical distance from neutral axis of building (the base) to 
the neutral axis of the i th slab (i. e. the mid-height of the slab) 
Where the building weight has been modelled, a unifon-nly distributed load has 
been applied to the beam. The value of this pressure, P, has been calculated by 
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assuming a unit weight of 7, =25kN/m 3 for the concrete slabs. The weight of each 
metre wide section of slab is then 5kN/m. 
The parameters used to model the buildings are given below in Table 5.6. 
Number 
of storeys 
p 
(kN/m) 
Young's 
modulus E 
(kPa) 
Poisson's 
ratio p 
Area A 
(m 2) 
Second 
moment of 
area I (M) 
0 5 30.0 x 106 0.3 0.2 2.67 x 10-3 
1 10 30.0 x 106 0.3 0.4 1.93 
2 15 30.0 x 106 0.3 0.6 9.37 
3 20 30.0 x 106 0.3 0.8 25.93 
Table 5.6: Parameters for modelling of buildings 
5.10.6 Behaviour of geosynthetic 
The results of the analyses indicate that the membrane deformations are 
completely unaffected by the presence of a structure, of any size or weight, in 
any position. The geosynthetic deforms exactly as in the greenfield case. This is 
illustrated in Figure 5.32, 0 ------------------------- I X ---- X--X No building 
which shows the deflected 
* --- ---- * Slab (weightless) 
sha e of the geos nthetic 
0 --- Slab (weighted) 
-0.2 Aý A--A Single storey (weightless) 
L--- 
p y A--AA, ---A Single storey (weighted) 
above a 2. Om wide void 
Two storey (weightless) 
e-Eýý Two storey (weightless) 
Cn 
0.4 
--- *---V Three storey (weightless) I 
when different types of G') Ll; jL-7ý Three stofey (weighted) 
structures are included at 
2 
L----L----L--------L -1 0.6 
E 
the ground surface. 
Clearly the presence of a 
C'- L----j ---- L ---- L ---- 08 - 
structure has no effect on > L ---- L ---- L ---- L ---- I 
the deformation of the 
geosynthetic, and this is 
the case for all of the void 
0 0.2 0.4 0.6 0.8 1 1.2 
Distance from centreline (m) 
sizes considered in this Figure 5.32: Comparison of shape of deformed 
study. The geosynthetic geosynthetic above a 2. Om wide infinitely long 
void when different structures are modelled at deformations are also the ground surface 
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unaffected when the position of the building relative to the void, the eccentricity, 
is varied. This indicates that for the conditions analysed here a sufficiently stable 
load transfer mechanism has developed in the fill material to support any 
additional loads imposed by the structure and prevent these loads from reaching 
the geosynthetic. 
When dilation in the fill material was included in the analyses, the geosynthetic 
membrane deformations are reduced, as in the greenfield case described in 
Section 5.6.4. Again, these deformations are unaffected by the inclusion of any 
structure at ground level. 
5.10.7 Behaviour of the beam 
Unlike the membrane, the behaviour of the beam is seen to depend on both the 
size - the number of storeys and the building width - and the position of the 
building it represents relative to the void. These effects are considered separately 
in the following sections. It is necessary to consider both the settlement of the 
beam, taken at the centre of the beam in the results presented in the following 
sections, and any rotation or other deformation of the beam that will result in 
differential settlements along the length of the beam. 
5.10.7.1 Number of storeys N 
For a building located directly above the void (i. e. when e=O), as the number of 
storeys increases, the settlement of the beam is seen to increase. This is true both 
when the weight of the structure is included, and when it isn't, although the 
effect is more significant when the building's weight is included. Figure 5.33 
shows the settlements at the centre of the beam when the beam is 10m wide and 
the eccentricity from the void is zero, for buildings with different numbers of 
storeys (and therefore consisting of different numbers of slabs) above voids of 
different sizes. Results for both weighted and weightless structures are shown. 
For the cases where the building weight is not included, Figure 5.33 
demonstrates that when the structure consists of more than one slab, there is no 
significant difference in the building settlement. When only a single slab is 
modelled the settlement is slightly smaller, for all void sizes. However this 
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reduction in settlement 
0.02 --------------------I---------- 
I D=0.8m, weightless I Iý 
D=1 4 i htl due to the structure . m, we g ess - D=2 0m wei htless . , g 21 
D=0.8m with weight L having a low stiffness is - E 
, --- ------- 0.016 D=1.4m, with weight 
very small, less than 
E D=2.0m, with weight 
-0 - 0.7mm in all cases. It can ' 
15 0.012 ----------L---------L -- ------ 
E 
therefore be concluded a) 
that the stiffness of the 
0.008 ---------LL--------- 
structure alone has no 
S (3) 
significant effect on its 
C) 0.004 ------L---------L 
settlements. It should also T 
be noted that in all cases 0 77 
the settlement is uniform 
1234 
Numberdslabs in structure 
along the length of the Figure 5.33: Variation of beam settlement 
when number of storeys of building increases, 
beam, i. e. there is no when the building is directly above the void 
distortion of the beam 
when the weight of the building is not modelled. 
When the building weight is included, the settlement increases each time the 
0 ------------------------------- number of storeys in the 
structure is increased. 
-0.004 -L ----- L ------ I This is shown in Figure 
E ý0111`1 9990 000 0$ 000000 I 
5.33. In addition, when a 
(1) 
L ----- L-----L ----- L-----I -0.008 15 
single slab is modelled, 
a) 
E 
AA- AAA A &ý M&" the beam sags slightly in 4. (L) * * Q 
MIIIII 
L ----- I -0.012 the centre. For structures Single slab 
M Single storey structure 
. 
Lj 
AA consisting of more than Two storey structure 
> 
-0.016 
1L Three storey structure 
one slab, the settlement 
46 46 4ý 46 0< is uniform along the 
-0.02 length of the beam. This 
012345 
Distance from centreline (m) is illustrated in Figure 
Figure 5.34: Comparison of deflected beam 5.34, which shows the 
shapes andpositionsfor lOm wide, weighted shape and position of the structures composed of different numbers of 
slabs, located directly above a 2. Om wide void. beam at the end of 
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analysis for 10m wide structures of different heights located directly above a 
2. Om wide void. However the difference between the settlement at the centre of 
the beam and the settlement at the edge of a single slab is approximately Imm 
for all of the void sizes considered. The distance between the centre, of the beam 
and the edge is 5m, and a differential settlement of I min over this distance is not 
deemed to be significant distortion. 
The situation becomes more complex when e: ýO. The effects of varying the 
height of the structure when it is non-symmetrically positioned above the void 
are described in Section 5.10.7.4. Yet it is evident from Figures 5.33 and 5.34 
that incorporating the weight of the structure has a significant effect on the 
amount of settlement experienced by the beam. Therefore unless stated 
otherwise, all further analyses presented here will include the weight of the 
structure. 
5.10.7.2 Width of the building B 
In these analyses the three storey structure is always located directly above the 
void (e=O). The fill thickness is 4m, and the parameters for the foundation soil, 
0.024 -T ----- -- ---- -- ---- -- --------------- geosynthetic and fill D=0.8m 
1 D=1.4m 
II D=2. Om 
0.02 L L- --L----L 
E 
E 
m IIIIII CD 
0 016 . 
(D 
E 
(D 
0 0 012 . 
0.008 
material are as given in 
Table 5.1. As noted 
previously in Section 
5.10.4, different beam 
widths were modelled for 
the different void sizes. In 
all cases considered, the 
settlement was found to 
be uniform along the 
0.004 length of the beam. Figure 
468 10 12 14 16 
B/D 5.35 shows the settlement 
Figure 5.35: Variation of heam settlement 
when width of heam increases, when a three 
storey, weighted, huilding is located directly 
ahove voids of different sizes 
of the beams as the width 
of the beam changes for a 
particular void size. 
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It can be seen that increasing the width of the beam will reduce the settlement. 
When the settlements are plotted against the ratio BID, as in Figure 5.35, it can 
be seen that for the void widths of 1.4m and 2. Om the beam settlements plot onto 
the same curve - however 0 
this is not the case for the --,, 
e 
--- ----- 
smaller void width of 
0.8m. In this case the -0.01 --F ----- r ------ r ----- 
beam settles more at a 
given value of BID. This 
-0.02 --L-----L-----LL----- 
behaviour indicates that 42 
the width of the settlement > 
trough may be wider -0.03 ----------r----- 
f 
Ground surface when B=6-m 
relative to the void width I Ground surface when B=1 2m 
-1 Position of beam when B=6m 
for smaller voids. The -1 
Position of beam when B=1 2m 
-0.04 
1 
shape of the settlement 02468 10 Distance from centreline (m) 
trough will be considered 
more fully in Chapter 6, 
Figure 5.36: Comparison of surface settlement 
troughs and corresponding beam positions 
but if this is the case, the when beams representing three storey 
settlement is greater for a 
structures of different widths are positioned 
directly above a 0.8m wide void 
given BID value as the 
beam will "fall" further into the trough. This phenomenon is illustrated in Figure 
5.36, which shows the ground surface settlement profiles, and final beam 
positions, for both 6m and 12m wide three storey structures above a 0.8m wide, 
infinitely long, void. The narrower building settles further into the trough 
because of the shape of the trough. The shape of the settlement trough is 
therefore of critical importance. On the basis of the results presented in Figure 
5.35, it would appear that there must be some transition in behaviour with regard 
to determining the width of the settlement trough as the void size increases, if the 
fill thickness is kept the same. 
5.10.7.3 Angle of dilation in the fill material v 
Following the earlier analyses without a building present, in which the angle of 
dilation in the fill material was seen to have a significant effect on the surface 
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settlements, it was decided to analyse some of the cases considered here with an 
angle of dilation of 170, to see if the same benefits can be relied upon when a 
structure is present. The other parameters for the soils and geosynthetic were 
maintained as in Table 5.1. The computed settlements of a three storey, 
weighted, 10m wide structure positioned directly above voids of different sizes 
are compared for the cases where vf, 11 is 0 and 17' in Figure 5.37. As in previous 
0.02 ------------------------------- cases, these beams settled 
v=17deg 
ýý=Odeg 
uniformly in all cases. 
V=J 7deg 
0.016 --------- ---------- ------- -- 
There is a clear benefit in 
having a dilatant fill E 
material in terms of 0.012 -------------------L-------- 
E reducing beam 
settlements. This must be 0.008 -----------L--------L--------- 
due to the reduced surface 
0.004 
---------- 
--------- 
settlements seen when the 
dilation in the fill 
increases, as described in 0-r------ T---- T-- 
0.8 1.2 1.6 2 Section 5.7.4. The benefit 
Void Wdth D (m) 
Figure 5.37., Variation of beam settlements with 
increases as the void size 
increasing void size as the dilatancy of thefill increases - in the case of a 
changes, for a lOm wide three storey structure 2m wide void the 
positioned directly above the void 
settlements of this 
particular structure are reduced by a factor of approximately 4, whereas for the 
0.8m wide void the reduction is by a factor of just 1.33. This corresponds to the 
findings for the greenfield case, shown in Figure 5.20. The settlement of the 
building is influenced by a combination of settlement due to the weight of the 
structure and the amount by which it "falls" into the settlement trough due to the 
width of the beam relative to the width of the trough. Because the width of the 
settlement trough is less above narrower voids, a building of a given width is 
more likely to span the settlement trough above a narrow void. In this case the 
building settlement is more influenced by the weight of the structure than the 
shape of the settlement trough. 
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5.10.7.4 Eccentricity of beam e 
The effects of varying the eccentricity of the beam have been investigated by 
considering a 10m wide beam at different positions. The soil and geosynthetic 
material parameters have been kept at the values given in Table 5.1, the structure 
is assumed to consist of three storeys, whose weight is included in the analyses, 
and the fill layer is assumed to be 4m thick in all cases. Again, three void widths 
have been considered. The behaviour of the building is now found to have two 
components - not only will the building settle, but now that the geometry of the 
problem is asymmetrical, the building will also rotate. These two effects are 
considered separately below. 
Figure 5.38 shows the 0.12 
settlement at the centre of 
0.1 
the beam, for beams in 
different positions above E 0 08 
. 
voids of different sizes. It is 0 
evident that the worst E 0.06 
settlements occur when the 
C: 
beam is offset from the Z 
0.04 
void by 2.5m. This is true 0.02 
for all of the void sizes 
considered here. Where the 0--! 'F' 
eccentricity is greater, 0.8 
----------------------------- 
Ih 4 e=O. om 
e=2.5m 
e=5. OM 1L 
ý X-X- -X e= 10. Dm, 
L --------- L 
------- - --------- 
L 
1.2 1.6 2 
Void width D (m) 
e=10m, there is no 
Figure 5.38: Variation of settlement at the 
significant difference in the centre of the beam with increasing void size 
centreline settlement of the when the eccentricity changes 
beam as the size of the void increases. Similar results are obtained for the cases 
where e=Om, and when eý5m. 
In order to fully understand the beam's behaviour, it is also necessary to consider 
the rotation of the beam. Since a three storey structure is being considered here, 
the bending stiffness of the beam is sufficient to prevent distortion of the beam, 
and in all cases it is seen to rotate without any bending occurring. This rotation is 
quantified using the slope of the beam at the end of the analysis, i. e. the 
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Figure 5.39: Variation of beam rotations with 
increasing void size when the eccentricity 
changes 
difference in settlement 
along the length of the 
beam divided by its 
length. These results are 
presented in Figure 5.39. 
it can be seen that again, 
the rotations are far 
greater for all void sizes 
when e=2.5m. They are 
reduced when e=5m, and 
non-existent when e=Om 
2 
or e=10m (i. e. the 
settlement is uniform 
along the length of the 
beam in these cases). 
Combining these results it is evident that when the beam is located directly above 
the void, i. e. eAm, then the beam spans any surface settlement trough and settles 
uniformly. When the eccentricity increases such that the beam is sitting on a 
sloping side of the surface settlement trough, it also experiences significant 
rotations, as illustrated in Figure 5.40. 
0.1 ------------------------------------------------ 
0L--- 
-0.1 ---------------- -- -------- -- --- --- --- 
0.2 
------------------ --- -0.3 
> 
-0.4 T- -I- --T ----IT---- 
Greenfield ground surface settlement profile 
Position of beam when e=O. Om 
-0.5 --------- I--- , ---, --I Position of beam when e=2.5m 
3-ý Position of beam when e=5. Om 
X -X -X Position of beam when e, -10.0m 
-0.6 -T- , . -T ,iI 
-6 -4 -2 o2468 10 12 14 16 
Distance from centreline of void (m) 
Figure 5.40: Position of beam representing a lOm wide, three story structure 
relative to the greenfield ground surface settlement profile as its eccentricity 
varies above a2 Om wide infinitely long void 
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In the cases considered here, if e=2.5m the beam extends across the surface 
settlement trough. Although the building rotates, the building is in contact with 
the ground surface on both sides of the trough, as shown in Figure 5.40. The 
higher end of the beam has a tendency to separate from the soil and rise above 
the level of the original ground surface. This arrangement is the most critical case 
for the structure, of those geometries considered here. When e=5m and the beam 
width B=10m, this means that one end of the beam coincides with the centreline 
of the void and is completely unsupported above the surface settlement trough. 
Again, this is illustrated in Figure 5.40. This might therefore be expected to be 
the worst case for any structure. However the settlements and rotations are 
significantly smaller than when e=2.5m. This is because much more of the beam 
is supported beyond the edge of the surface settlement trough, or where the slope 
of the settlement trough is shallower, than when eý2.5m. When the distance 
between the centre of the beam and the centre of the void increases to 10m, the 
beam is located beyond the edge of the surface settlement trough and experiences 
negligible settlements for all of the void sizes considered here. All of these 
scenarios are shown in Figure 5.40, which shows the distortions of a series of 
10m wide, three storey structures with weight at different eccentricities from a 
2. Orn wide void, relative to the greenfield ground surface settlement trough above 
a 2. Om wide void. 
As noted in Section 5.10.7.1, the effect of increasing the height of a structure, 
and therefore its weight and stiffness, is more complex when e#O, due to the 
rotation of the structure. As the number of storeys increases, the settlement and 
rotation both increase, as illustrated in Figure 5.41, which shows the ground 
surface profiles and beam positions when a single slab is modelled (nýl) and a 
three storey structure (n=4). In both cases the structure is 10m wide, and located 
at an eccentricity of 2.5m from the centreline of a 2m wide void. The taller, 
heavier, three storey structure experiences greater rotation and the lower end is 
embedded more deeply than the single slab. Similar behaviour is observed 
regardless of the void size or building width when the building is not located 
directly above the void, i. e. whenever e#O. Attempting to quantify this behaviour 
using the centreline settlement is not particularly useful. 
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It can be concluded from 
this study that the most 
damage will be done to 
any structure if it is 
located close to, but not 
directly above, any deep- 
seated voids that might 
form in the ground 
beneath. Further 
analyses (not presented 
here) indicate that wider 
buildings will experience 
reduced settlements and 
rotations than narrower 
buildings at the same 
eccentricity. This is to be 
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Figure 5.41: Comparison of surface settlement 
troughs and corresponding beam positions when 
lOm wide structures of different heights are built 
at an eccentricity of 2.5m above a 2m wide void 
expected since they are more likely to span the settlement trough, or have more 
contact with the unaffected ground surface beyond the settlement trough. 
5.10.8 Effect on surface settlements 
The surface settlement profile is seen to be influenced by the presence of a 
structure. The surface settlements are seen to reduce from the greenfield values 
when a structure is present. This is shown in Figure 5.42, which shows the 
maximum settlements seen at the ground surface when structures with different 
numbers of storeys are present at the ground surface, including the greenfield 
case. In all of these analyses, the building is positioned directly above the void, 
i. e. eýO. Analyses have been performed both with and without including the 
weight of the structure. This allows the effects of the building's weight and 
stiffness to be uncoupled, and considered separately. From Figure 5.42 it can be 
seen that, for the larger void sizes considered, there is a significant reduction in 
the ground surface settlement when a structure is present. However there is no 
further reduction in settlement as the building height increases, regardless of the 
void size. For the 0.8m wide void, there is no significant change in the surface 
settlement with or without a structure being present. It can also be seen that there 
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Figure 5.42: Variation of maximum surface 
settlement when number of storeys of building 
increases, when the building is directly above the 
void 
is no effect on these 
settlements when the 
building's weight is 
included in the analysis, 
in all cases. This 
indicates that it is the 
stiffness of the structure 
that is modifying the 
ground response, rather 
than any change in the 
loading regime. 
Although the weight of 
the structure will 
influence the settlement 
of the structure itself in 
the manner described in Section 5.10.7.2, it will not significantly affect the 
maximum ground surface settlement. This is because the interface elements 
allow the soil beneath the building to separate from the base of the building, 
which can be seen in Figure 5.36. 
Franzius et al (2004) found that for the problem of building deformation due to 
deep tunnelling, the modifications to the greenfield surface settlement profile that 
arise due to the presence of a structure are not significantly affected by the 
inclusion of the building's weight in the analysis. It was found that these 
modifications may be considered to be a consequence of the building stiffness 
only. This is consistent with the findings presented in Figure 5.42. 
Changing the width of the structure is not found to have any significant effect on 
the pattern of surface settlements. The variation in the maximum surface 
settlement as the width of the building changes is shown in Figure 5.43 for each 
of the void sizes considered. The structure is positioned directly above the void. 
The maximum settlement of the fill surface appears to be unaffected by changes 
in the width of the structure, although there are some slight differences in the 
shape of the settlement trough due to the embedment of the ends of the building. 
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These analyses include 
the weight of the 
structure, which consists 
of three storeys, and 
because of this there is 
more settlement of the 
structure when it is 
narrower, because it will 
settle further into the 
settlement trough in the 
manner illustrated in 
Figure 5.36 and discussed 
in Section 5.10.7.2. The 
results presented in Figure 
5.43 indicate that this 
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Figure 5.43: Variation of maximum surface 
settlement when the width of a three storey 
building increases, when the building is directly 
above the void 
behaviour has no effect on the maximum surface settlement of the fill material. 
The eccentricity of the structure, or its lateral distance from the void, is seen to 
have an effect on the surface settlements in some cases. For the case of a 10m 
wide structure above voids of different sizes, there is a marked reduction in the 
maximum surface settlement when the centreline to centreline distance of the 
void and the structure is 0 or 2.5m. This is true for all three void sizes 
considered. When the structure is at other distances from the void, there is no 
significant difference seen in the maximum surface settlement, and the value is 
very similar to the maximum greenfield surface settlement. For the case of a 
2. Om wide void, this is illustrated in Figure 5.44. When e=O or e=2.5m, the beam 
spans the settlement troughs for all of the void sizes considered here. This means 
that both ends of the beam are in contact with the modified ground surface, 
which would appear to restrain the movement of the fill at this level. As e 
increases, one end of the beam loses contact with the ground - this is when the 
peak settlements revert to the greenfield values. As noted above and shown in 
Figure 5.42, when e=O changing the number of slabs in the structure has a 
negligible effect on the maximum surface settlement seen. Figure 5.44 suggests 
that the differences are small not only when e=O, but for all values of e. There is 
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a slight difference when 
0.56 
e=2.5m. In this case the 
beam spans the settlement 0.52 - 
trough, and also -71 11 
experiences some _Z6 a) 
rotation, as described in 
E 
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Section 5.10.7. The 
embedment of the lower E :3 E 0.44 No building 
end of the beam as it Single slab 
ý ý 
ture 1 I Single storey struc 
rotates will push some Two storey structure X Three storey structure 
material into the 0.4 
settlement trough, which 
02468 10 
Eccentricity e (m) 
will reduce its depth and Figure 5.44: Variation of maximum surface 
settlement as eccentricity varies for structures 
account for the small of different heights above a 2. Om wide void 
differences seen in Figure 
5.44. 
5.10.9 The influence of more than one structure 
Skylakis (2005) performed some additional analyses using the same basic 
configuration and methodology described here to investigate the effect of having 
more than one structure present. The closest case considered was two 10m wide 
structures separated by a distance of 2.5m. It was found that no interaction 
occurred between two adjacent structures. Therefore each structure can be 
considered separately, as in the present study. 
5.11 Summary 
This chapter has described the influence of a number of variables on the 
behaviour of a geosynthetic reinforced fill layer above a void, investigated by 
means of a parametric numerical analysis study. Geometrical properties, namely 
the fill height and void width and shape have been varied, as have the material 
properties of the geosynthetic and the fill material. Consideration has been given 
to the consequences in the event that the soil arch should fail, and also of any 
possible interaction effects with a structure at ground level. Some of these 
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variables have been found to have no effect on the behaviour of the system. 
Those that do are listed below for further consideration in Chapter 6. 
5.11.1 Soil/interface properties 
The angle of interface friction is not found to cause significant changes in the 
behaviour of the system when the geosynthetic is allowed to pull-out from the 
surrounding soil. It was therefore decided not to complicate the finite element 
model with the introduction of interface elements between the soil materials and 
the geosynthetic. 
5.11.2 Geometrical properties 
The fill height, void width and void shape are all seen to influence the likelihood 
of arch formation in the fill. It is seen that settlements of both the fill and the 
geosynthetic will be greater above wider voids, or when fill heights are 
shallower. Settlements are also smaller above circular voids than longitudinal 
voids. 
5.11.3 Fill properties 
The two fill material properties of influence are the angle of shearing resistance 
and the angle of dilation. It is found that fill materials with a higher angle of 
shearing resistance reduce the geosynthetic deflections - however the settlement 
trough at the surface is seen to be narrower and deeper in the axisymmetric case. 
Even in the plane strain case the settlement trough is narrower and only 
fractionally shallower. This will result in more severe differential settlements at 
the surface and will therefore be more damaging to any structure located there. In 
addition, the analysis of arch degradation indicates that fill layers with lower 
angles of shearing resistance actually perform better in terms of reduced surface 
settlements (and are no worse in terms of geosynthetic deflections and stresses) 
in the event of the soil arch being destroyed. 
Using a dilatant fill material is seen to have a beneficial effect in ternis of 
reducing the stresses and deflections generated in the geosynthetic, but also to 
have a dramatic effect on the surface settlements. These are seen to reduce to 
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negligible values when the angle of dilation reaches the same value as the angle 
of shearing resistance. 
Varying the Young's modulus and coefficient of earth pressure in the fill 
material do not have any significant effect on the behaviour of the system. 
5.11.4 Geosynthetic properties 
Varying the tensile modulus of the geosynthetic material has a significant effect 
on its deflection, and therefore on the surface deformations. Lower values of J 
produce much greater deflections in cases where the material properties and void 
geometry are unaltered. In ternis of the forces generated in the geosynthetic, 
there is a transition in behaviour as the stiffness of the geosynthetic increases. 
For the softer materials (up to J=50kN/m in the analyses considered here), there 
is no change in the forces mobilised above a void of a given size, regardless of 
the value of J. In these cases, only the resulting deflections vary. When J is 
higher (-/ý! 50&N/m), the geosynthetic attracts more load as the stiffness 
increases, and is more likely to reach the ultimate capacity of the membrane and 
fail through rupture. 
Increasing the tensile strength of the geosynthetic will increase the capacity of 
the system, but has no influence on the stresses or deflections generated if the 
material properties and void geometry is unchanged. 
There is some reduction in the axial stresses and deflections of the geosynthetic 
when two layers are placed, at different elevations, rather than one. No advantage 
is seen when more than two layers are placed. 
5.11.5 A structure at the surface 
The presence of a structure at the surface appears to have no effect on the 
deflection or axial stresses generated in the geosynthetic. This means that the 
capacity of the system is unaffected by the presence of a structure. 
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Some reduction in surface settlements may be seen when a structure is present. 
The mode of deformation of the structure is one of tilt rather than any bending of 
the structure in either sagging or hogging. 
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Chapter 6 
Interpretation of Results 
In Chapter 2 of this thesis a number of areas of uncertainty relating to the current 
design codes were identified. These related to the shape of the deflected 
geosynthetic, the existence and form of any soil arching, the shape of the zone of 
subsidence and the distribution and magnitude of any resulting surface 
settlements. The results of the numerical analysis undertaken during the course of 
the parametric study, as described in Chapter 5, are assessed in this chapter in 
order to address these issues. 
Of these issues, the development of arching in the fill material is the most crucial 
as this will have a significant impact on the behaviour of the whole system. 
Where arching develops, the vertical stresses transmitted to the geosynthetic are 
reduced, resulting in smaller geosynthetic strains and deformations. Also, the 
surface settlements will be smaller in those cases where soil arching occurs. 
Clearly it is of critical importance to understand the conditions in which arching 
will develop in the fill, the nature of this phenomenon, and to find a means of 
evaluating the benefits in terms of reduced loading of the geosynthetic and 
reduced surface settlements when an arch has formed. This phenomenon is 
therefore considered first in this chapter, as the behaviour of the rest of the 
system depends on it. 
Having established the conditions in which an arch will form and the influence 
this occurrence will have on the vertical stresses at the base of the fill layer above 
a void, the shape of the deformed geosynthetic may be assessed, and this is done 
in Section 6.2. The magnitude of the geosynthetic deflection and the level of 
geosynthetic strain are also considered. From a design perspective, this gives 
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sufficient infon-nation to select an appropriate geosynthetic reinforcement 
material to prevent collapse of the fill layer into the void. 
To allow the designer to estimate the corresponding surface settlements, it is first 
necessary to evaluate the shape of the zone of subsidence. This is done in Section 
6.3. Thereafter it is possible to combine this information with the geosynthetic 
displacements to assess the magnitude and distribution of the greenfield surface 
settlements, as seen in Section 6.4. The impact these settlements might have on 
any structure, and the damage likely to occur as a result, is considered in Section 
6.5. 
On the basis of the findings of this chapter, some amendments to the existing 
guidance for the design of reinforced fill load transfer platforms to bridge voids 
may be made. These amendments are made in Chapter 7, in which the key 
findings are summarised and put into a design context. 
6.1 Soil arching 
Soil arching is a crucial aspect of behaviour in a reinforced fill layer above a 
void, as the formation of a soil arch capable of supporting at least some portion 
of the weight of the fill layer and any surface loads will significantly reduce the 
stresses and strains developed in the reinforcement, and the surface settlements. 
From a design perspective the formation of a soil arch is therefore highly 
desirable. 
The literature review described in Chapter 2 identifies two arching theories that 
might be applicable to this scenario - namely the classical arching theory 
proposed by Terzaghi (1943), and the theory developed by Hewlett & Randolph 
(1988) for soil arches spanning onto pile caps in a geosynthetically reinforced 
piled embankment. These theories and their development are described fully in 
Sections 2.8.1 and 2.8.4 respectively. In the case of Terzaghi's theory, a column 
of soil moving downwards under its own weight is restrained by friction acting 
along the edges of the column and the surrounding soil mass. According to 
Hewlett & Randolph's formulation, a semi-circular sand arch (in two 
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dimensions) or hemispherical dome (in three dimensions) forms, spanning onto 
pile caps arranged in a grid formation. This arch or dome may or may not be 
completely infilled with material beneath. The results of the parametric study 
described in Chapter 5 are used here to establish whether or not either of these 
theories are applicable to the situation of a reinforced fill layer above a void, and, 
if so, the accuracy with which they predict the behaviour of the fill. Any 
modifications that are necessary can then be made. 
6.1.1 Development of arching behaviour 
In the finite element analysis, any soil arch cannot be directly observed, but its 
existence and form may be assessed by considering the orientation of the major 
principal stress and the stress distribution in the fill layer, as described in the 
following sections. 
6.1.1.1 Observed arching behaviour 
Typical plots showing the orientation of the major principal stress obtained 
during the course of the parametric study are shown in Figure 6.1. 
Both of these plots depict a stable arch, in the sense that increasing the fill height 
will not induce any further loading or deflection of the geosynthetic. This can be 
seen for these two cases in Figure 5.9, which shows the development of 
geosynthetic deflections as the fill thickness increases for both of the cases 
shown in Figure 6.1. As the fill height increases above a void of a given size and 
shape, the orientation of the major principal stresses in the fill will resemble 
Figure 6.1(b) when stable arching initially develops. As the fill thickness 
increases, the orientation of the major principal stresses will change to resemble 
Figure 6.1 (a). Although both situations are stable, the arrangement seen in Figure 
6.1(a) is therefore preferable, as it indicates more robust arching in the fill. For 
the purpose of the design of a geosynthetic reinforced fill load transfer platforiii, 
it is deemed appropriate, and conservative, to use the transition between these 
two behaviours to define the onset of arching behaviour, rather than the 
conditions in which an arch of the type shown in Figure 6.1 (b) will develop. The 
conditions at which an arch of the type shown in Figure 6.1 (b) develops are those 
that describe the difference between the failure of the system and the formation 
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of a soil arch. If any non-conservative errors are made in assessing these 
conditions, due to scatter in the data, the consequences could be catastrophic. 
Plane strain 
analysis with 
D=O 8ým H-4m, 
(a) soil arch above which 
fill is undisturbed 
Figure 6.1: Different arching behaviours seen in plots of the orientation of the 
major principal stresses in soil materials 
The conditions in which an arch of the type shown in Figure 6.1 (a) will form 
may be assessed by considering the variables affecting the performance of a 
geosynthetic reinforced load transfer platform. During the course of the literature 
review, the HID ratio was identified by a number of researchers, including 
Terzaghi (1943), McKelvey 111 (1994) and Horgan & Sarsby (2002). For each 
size of void, the minimum fill thickness at which it is possible to observe some 
zone of undisturbed fill above the void, H .. j,, may be determined. It must then be 
checked that increasing H beyond H,, i, induces no further deflection of the 
geosynthetic to ensure that the arch is stable, by comparing the results with plots 
of the type shown in Figure 5.9. This has been done for both circular and 
infinitely long voids, for each of the variables identified in Chapter 5 as having 
an influence on the behaviour of a geosynthetic reinforced load transfer platform, 
namely the angle of shearing resistance in the fill O'fill, the angle of dilation in the 
fill v, and the tensile modulus J of the geosynthetic. The effect of changing each 
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(b) disturbed soil 
propagating to surface 
of these variables on the transition between the two modes of arching behaviour 
seen in Figure 6.1 is considered separately in the following sections. 
6.1.1.2 Effect of changing Oý, 11 on the onset of arching behaviour 
The value of H,, in has been assessed for voids of different shapes and sizes for 
the three different values of angle of shearing resistance O'fill used in the 
par ametric study described in Section 5.7.3. The resu lts are shown in Figure 6.2. 
It can be seen that there is 
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0 of O'fill. Trend-lines have 0 0.5 1 1.5 2 2.5 3 3.5 4 
Void width D (m) been drawn through the 
Figure 6.2: Minimumfill thickness at which data for circular voids and 
undisturbedfill is seen to existfor voids of 
different shapes and sizes as O'f, varies fil 
for infinitely long voids 
that describe the 
relationship between Hni, and D where there is a transition in the nature of the 
plo ts of orientation of the major principal stress. 
These results indicate that in the case of an infinitely long void, H"j, is roughly 
double the value that it would be if the void was circular. Stable arching 
behaviour, of the type illustrated in Figure 6.1 (a), may be expected if- 
For a circular void: HID> 1.5 (6.1 a) 
For an infinitely long void: HID>3.0 (6.1 b) 
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6 1.1.3 Effect of changing v on the onset of arching behaviour 
On the basis of the results presented in Section 5.7-4, dilatant soils might be 
expected to be more efficient at shedding load laterally than non-dilatant 
materials, and therefore to form a stable arch at a lower fill thickness for a given 
void size. However the 
4----------r---------- 
results presented in 
3.5 Figure 6.3 suggest that 
TT 3 changing the angle of 
dilation in the fill has no 2.5 T--- 
discernible effect on the 
2-I LA, JL--- 
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Longitudinal void, v--Ode- 1.5 -+9 AAA H,, i, and D for either Longitudinal void, v--17deg 
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circular void, v--Odeg 
- of 0' 11. In these analyses fi -1 7deg 0.5 Circular void, v 00 Circular void, v--35deg 
H , -I - 51D only v is varied, the rest l 0 -T- I -ý- T --- T, T parameters are of the 0 0.5 1 1.5 2 2.5 3 3.5 4 
Void width D (m) kept at the values given 
Figure 6.3: Minimumfill thickness at which in Table 5.1, and in 
undisturbedfill is seen to existjor voids of 
different shapes and sizes when v is varied particular, 
O'fiij=35'. 
Arching behaviour may 
therefore be assumed to develop when the conditions given in equation (6.1) are 
satisfied, regardless of the dilatancy of the fill material. This unexpected result is 
returned to in Section 6.1.4.3.2, when the effects of dilatancy in the fill material 
are considered in terms of their influence on the stress ratio K, the ratio of 
horizontal to vertical stresses in the fill. 
6.1.1.4 Effect of changing J on the onset of arching behaviour 
Although the membrane deformations reduce as J increases, the mobilisation of 
tensile forces acting in the membrane is not affected as J is varied up to a value 
of J=5 OkN/m, as described in Section 5.8.1. This suggests that the loading of the 
geosynthetic is the same in all cases, and therefore that the arching behaviour 
may be expected to be the same in all cases. Indeed the results of the finite 
element analyses indicate a good correlation between the H,, i, values determined 
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for voids of different shapes and sizes regardless of the tensile modulus J. 
Consequently the conditions given in equation (6.1) may still be applied to 
determine when arching will develop in the fill for those cases where J<50kN/m. 
Where the geosynthetic stiffness is greater than this, H,, i, reduces for a given 
void size. An example of this is shown in Figure 5.23. In such cases the 
conditions given in equation (6.1) are onerous, but conservative, and so are still 
considered to be suitable from a design perspective. 
6.1.1.5 Comments on the conditions requiredfor arching behaviour to develop 
The conditions given in equation (6.1) are dependent on the value of HID, which, 
at first glance, is inconsistent with the comments made in Section 5.6 of this 
thesis. In Section 5.6 it was observed that as the fill thickness increases above a 
void of a given size, the deformations of the membrane increase significantly at 
first, but then begin to stabilise, indicating that arching behaviour is developing 
in the fill. The results presented in Figure 5.9 suggest that the value of HID is not 
an indicator of when this stabilisation begins to develop. 
This apparent inconsistency is due to the fact that the relationships in equation 
(6.1) are based on the parameter H,, i,. This only occurs when the orientation of 
the major principal stresses indicate the existence of an unaffected region of fill 
near the ground surface, as illustrated in Figure 6.1(a). However arching will 
develop in the fill before the fill thickness H reaches H i, and in these cases the 
orientation of the principal stresses resembles Figure 6.1(b). Where the 
geosynthetic deflections begin to stabilise in Figure 5.9 indicates the onset of this 
mode of arching in the fill, whereas for design purposes it is safer to assess the 
onset of the mode of arching depicted in Figure 6.1(a), as discussed in Section 
6.1.1.1. When this approach is adopted it is found that HID is a suitable indicator 
of the fill behaviour after all, as shown in Figures 6.2 and 6.3. Terzaghi (1943) 
suggests, on the basis of experimental observations, that arching behaviour 
develops whenever HID>2.5, and McKelvey 111 (1994) cites an example 
suggesting that arching develops when HID>2.91. In both cases the void may be 
considered to be long, rather than circular. These suggestions are not inconsistent 
with equation (6. lb), which is only slightly more onerous. 
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6.1.2 Comparison of arching theories 
As noted previously, there are two different theories available in the literature 
that might be applied to the situation of a geosynthetic reinforced fill layer 
bridging a void - Terzaghi's classical arching theory and the theory developed by 
Hewlett & Randolph (1988) for geosynthetic reinforced piled embankments. In 
the following sections, the results of the finite element analysis will be assessed 
in view of these theories, to allow the selection of the most appropriate approach. 
6.1.2.1 Orientation of the majorprincipal stresses 
Where a soil arch of the type considered by Hewlett & Randolph (1988) forms, 
the major principal stresses in the fill remain vertical, i. e. unaffected by the 
presence of the void, in all areas except a confined region close to the void. An 
example where this type of arch can be seen to form is shown in Figure 6.1 (a). 
Similarly, in Terzaghi's formulation if the fill is sufficiently deep, a plane of 
equal settlement will exist above which the fill is undisturbed. In this case a plot 
of the type shown in Figure 6.1 (a) would also be expected. In other cases the fill 
material above the void is supported by friction along the boundary of the 
subsiding fill and the surrounding material. Therefore the orientation of the major 
principal stresses is affected over a much larger region, which propagates to the 
surface of the fill. An example of this mode of arching is shown in Figure 6.1 (b). 
This mode of arching is consistent with Terzaghi's fonnulation, but not with 
Hewlett & Randolph's. 
Consequently the more generally applicable arching theory is that of Terzaghi, 
since this approach could describe both situations. For those analyses where the 
orientation of the major principal stresses are such that a plot of the type shown 
in Figure 6.1(b) is seen, it can be concluded that Terzaghi's arching theory is 
appropriate. As discussed in Section 6.1.1, the type of arching behaviour seen in 
Figure 6.1 (a) applies to only a limited number of situations. 
6.1.2.2 Vertical stresses above the void 
In essence, any arching behaviour in the fill material involves transferring some 
portion of the vertical stress in the fill laterally to the surrounding fill material. 
Arching therefore has a significant effect on the stress regime in the fill, and the 
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vertical stresses above the void should be reduced from the hydrostatic case as 
the vertical loads are transferred laterally. The approaches of both Hewlett & 
Randolph (1988) and Terzaghi (1943) clearly define theoretical vertical stress 
profiles directly above the centreline of the void, but these theoretical profiles 
differ. These differences are described in the following sections before the two 
theoretical approaches are compared with the results of the numerical analysis to 
attempt to determine which is the most appropriate. 
61.2.2.1 Vertical stress profile in an arching fill according to Hewlett 
Randolph 
In Hewlett & Randolph's formulation there is a clearly defined vertical stress 
profile above the void. A sketch of this profile, assuming that there is no surface 
surcharge load, is shown in Figure 6.4, alongside a sketch of the soil arch it 
relates to, which is assumed to have a thickness b. 
0 
z=H-b-ý, ý_ 
--------------- 
z=H-DI2 
------------- 
=H ui+)ID12=p 
z 
H 
Figure 6.4: Vertical stress profile expected above the centreline of a void 
according to Hewlett & Randolph's formulation 
Consider the vertical stresses directly above the centre of the void. Between the 
ground surface and the crown of the arch, the stress regime in the fill is 
unaffected by the presence of the void, and increases linearly with depth. At the 
underside of the crown of the arch, the vertical stress is some value (Ti - this 
occurs at a distance rinner above the level of the top of the void, where rinner is the 
inner radius of the soil arch, and must be equal to D/2, if D is the width or 
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D12 
diameter of the void. The vertical stress in the material beneath the soil arch then 
increases linearly with depth until it reaches the level of the geosynthetic 
reinforcement and the top of the void, at which level q, =p, which is evaluated by 
the means described in Section 2.8.4. 
In the reinforced piled embankment for which this formulation was devised, the 
thickness of the soil arch b is controlled by the size of the pile caps. There is no 
such restraint on the value of b in a geosynthetic reinforced load transfer 
platform bridging a void. In this case it may be estimated by finding the height 
above the centre of the void at which the peak vertical stress occurs - the inner 
radius must be D12 and so the thickness can be found by subtracting D12 from the 
height above the void at which the peak vertical stress occurs. 
6.1.2.2.2 Vertical stress profile in an arch ingfill according to Terzaghi 
A general profile of the vertical stresses is not so easy to determine in the case of 
Terzaghi's analysis. Terzaghi's arching equation relates C, at a point above the 
void directly to the depth z from the ground surface at that point, as described in 
Section 2.8.1. The relationship between q, and z is given by: 
-2K -2Kz D(7-2eID) an0 
07v = 
2K tan 0 
1-e D 
an 0+ 
we 
D (6.2) 
Where the symbols have the same meaning as in Section 2.8.1. This generalises 
to an equation of the form a, =A+ Be-CZ, where A, B and C are constants, where: 
A= DOI - 2c / D) D(7 - 2c / D) ; C= 
2K 
tan 0 (6.3) 2K tan 0 2K tan 0D 
The shear surface and the corresponding vertical stress profiles are shown in 
Figure 6.5. If there is no surcharge load then B= -A, and the resulting vertical 
stress profile is shown in Figure 6.5 as a dotted line. If the fill is sufficiently 
deep, there will be a plane of equal settlement in the fill above which the stress 
regime is unaffected. This is because in such cases it is not necessary to mobilise 
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the shearing resistance along the full length of the boundary between the moving 
and stationary fill masses in order to support the moving fill above the void. 
However equation (6.2) makes no allowance for this, nor does it provide any 
indication of the depth at which this transition may occur. The vertical stress 
profile must be modified empirically. If a plane of equal settlement occurs at 
some depth, the vertical stress profile is modified in the manner shown by the 
solid line in Figure 6.5. The vertical stresses increase linearly with depth until the 
depth of the plane of equal settlement is reached, at a height H, above the void. 
Below this the stress reduces and approaches the profile predicted using equation 
(6.2). As z increases to large values, the value of a, will tend asymptotically to A. 
Possible shear 
0 surface 
Plane of 
equal 
settlement 
z=H-H, T, =ý(H-Hd 
H 
If plane of equal 
settlement present H, 
No plane of equal 
settlement present 
z-H 
------- - ---------- 
z 
D12 
Figure 6.5: Vertical stress profile expected above the centreline of a void 
according to Terzaghi's formulation 
Terzaghi (1943) observes that, on the basis of experimental observations, the 
value of K (the ratio of horizontal to vertical stresses) peaks at a distance of 
approximately D above the void. At heights greater than 2.5D above the 
centreline of the void, it seems that the development of a void causes no change 
in the stress state in the sand. 
6.1.2.2.3 Comparison of theoretical vertical stress profiles with analytical 
results 
If the material parameters are as given in Table 5.1 and H=4m, then for a circular 
void the plots of the orientation of the major principal stress resemble Figure 
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6.1 (a) until the void diameter reaches 2.6m, or 1.4m if the void is infinitely long, 
as shown in Figure 6.2. As described in Section 6.1.2.1 these are the cases in 
which there is some ambiguity over which of Terzaghi's or Hewlett & 
Randolph's arching theories is more appropriate. In order to clarify this, the two 
different theoretical stress profiles shown in Figures 6.4 and 6.5 can be compared 
with those predicted by the finite element analysis. Plots of the vertical stress 
profiles computed above the centreline of voids of different sizes are shown in 
Figures 6.6(a) and 6.6(b) for circular and infinitely long voids respectively. 
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Figure 6.6: Comparison of vertical stress profiles above the centreline of voids 
of different sizes for different void shapes 
In all of these analyses the basic case material parameters given in Table 5.1 
have been used. The fill layer has a thickness of 4m in all cases, so when the 
depth z is 4m, this coincides with the level of the top of the void. Both plots in 
Figure 6.6 include a line depicting a hydrostatic vertical stress profile for 
comparison. The height above the void at which the peak vertical stress occurs is 
denoted H,. This relates directly to Terzaghi's formulation, and in the case of 
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Hewlett & Randolph's approach Rý, =D12+b, where b is the thickness of the soil 
arch. 
Figures 6.6(a) and 6.6(b) show similar trends in behaviour as the void size 
changes, so the shape of the void does not influence the behaviour. In all cases 
the vertical stress profile initially follows the hydrostatic stress profile. As z 
increases further, the vertical stress continues to increase but is smaller than the 
hydrostatic value for the same depth, indicating that some stress transfer 
mechanism must have developed. 
After reaching a peak stress, at a height H, above the void, there is a drop off in 
the value of the vertical stress. The results presented in Figure 6.6 indicate that 
the value of the peak stress reduces as the void size increases, and that H, 
increases as the void size increases. For the smaller void sizes, this reduction in 
vertical stress is more abrupt than for the larger void sizes. For the very smallest 
void sizes the vertical stress can become tensile, indicating that the fill beneath 
the arching material is trying to separate from the arching material, and that a gap 
is trying to develop at this level. There appears to be a minimum stress reached 
when z is approaching the level of the top of the void. As z continues to increase, 
in some cases the vertical stress remains at or near the minimum value, and in 
other cases it increases slightly. 
For the purpose of determining which of the two arching theories is the most 
applicable it is necessary to establish whether the vertical stress increases 
beneath an arch, or if it tends asymptotically to a value given by the constant A in 
equation (6.3). This is the only difference in the two theoretical arching theories 
that is likely to be discernible. However it is not feasible to make this distinction 
from Figure 6.6, since it is not clear whether or not the vertical stresses at the 
level of the void are increasing or not, and so these results are inconclusive. It 
should be noted that the stresses at this level are very low, less than I OkPa in all 
of the cases shown in Figure 6.6. 
The similarity between the behaviour of the calculated stress profiles and the 
theoretical stress profiles at higher levels in the fill is an encouraging sign of the 
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validity of both methods, but some other means of deciding which is the most 
appropriate must be found. 
6.1.2.3 Contours ofstress level 
From the numerical analysis it is possible to obtain contours of stress level in the 
fill. These are obtained by calculating the ratio of the current shear stress in the 
fill to the available shear stress, and therefore provide an indication of the degree 
to which the available shear strength has been mobilised. It is therefore possible 
to detect those zones of material within the fill that are being subjected to high 
stress levels and approaching failure. 
Where an arch of the type proposed by Hewlett & Randolph occurs, there will be 
a high level of stress within the arched zone of material. These stresses will act 
tangentially to the arching zone of material, and so this phenomenon would not 
be detected by considering the vertical or horizontal stresses alone. If an arch of 
this type develops, the stress level in the zone of arching behaviour is 
significantly higher than in the surrounding material. Although these levels may 
not approach failure, there should be a concentration of relatively high stress 
level contours following the shape of the arch. 
Where a shear surface develops in the manner envisaged by Terzaghi, the ftill 
shear strength of the soil should have developed along the shear surface, and so 
the highest stress level contours (a stress level of one indicates full mobilisation 
of the fill's available shear strength) should propagate upwards from the edges of 
the void. 
To illustrate the nature of these results, Figure 6.7 shows the stress contours 
above a 2.6m diameter circular void, and Figure 6.8 shows the stress contours 
above a 1.4m wide infinitely long void. These are the maximum void sizes for 
each type of geometry where there is ambiguity over the nature of the most 
appropriate arching mechanism, as shown in the corresponding plots of the 
orientation of the major principal stresses in the fill. 
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(a) Contours of stress level 
Figure 6.7. Stress regime infill above a 2.6m diameter circular void 
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Figure 6-8: Stress regime infill above a 1.4m wide infinitely long void 
As expected, the stress levels at the comers of the void are very high - in both of 
the cases presented here there are contours indicating that more than 99% of the 
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(b) Orientation of major 
Principal stresses 
(b) Orientation of majorprincipal 
available shear strength has been mobilised. The fill immediately above the void 
is seen to have extremely high stress levels in both cases. However the contours 
do not follow the shape of an arch, and comparison with the plots of the 
orientation of the major principal stresses acting in the fill show that this highly 
stressed fill does not extend to the full height of the arching fill material, i. e. that 
material in which the major principal stress is not vertical. This is particularly 
clear in Figure 6.7, and is not consistent with Hewlett & Randolph's formulation. 
From the comer of the void the highest stress level contours are also seen to rise 
upwards and slightly outwards. These again indicate that more than 99% of the 
available shear strength has been mobilised, suggesting that these are shear 
surfaces. The shaded areas in Figures 6.7 and 6.8 give an indication of the region 
in which this is happening. This is consistent with Terzaghi's approach, and not 
with Hewlett & Randolph's, in which no such shear surfaces would form. 
Nothing is seen in these results, illustrated in Figures 6.7 and 6.8, to contradict 
Terzaghi's theoretical approach. In contrast, the existence of shear surfaces 
propagating from the comer of the void, the shape of the contours above the 
void, and the lack of evidence of an increase in the level of these contours near 
the top of the arching fill material all indicate that Hewlett & Randolph's 
approach may not be appropriate. 
6.1.2.4 Selection of the most appropriate arching theory 
By considering the changes in orientation of the major principal stress in the fill 
material in Section 6.1.2, it is seen that Terzaghi's arching theory is applicable to 
all of the cases analysed, whereas the Hewlett & Randolph formulation is only 
applicable to some cases. Even in these cases, the results presented in Section 
6.1.2.3 indicate that Terzaghi's approach is still more suitable than Hewlett & 
Randolph's, because of the fori-nation of shear surfaces in the fill rather than the 
development of a physical arch of material. 
This conclusion is further corroborated by considering the plots of the orientation 
of major principal stresses in those cases where the fill beyond a certain distance 
from the void appears to be unaffected by the presence of the void. The plot 
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shown in Figure 6.9 is for the case of a 0.8m diameter circular void beneath a 4m 
thick fill layer. The material properties are as given in Table 5.1. From Figure 
6.6(a), the maximum vertical stress for this particular case occurs at a height of 
1.2m above the void. As illustrated in Figure 6.4, in theory this corresponds to 
the maximum radius of the arch in Hewlett & Randolph's formulation. The 
results of the numerical analysis, shown in Figure 6.6, indicate that the vertical 
stress profile above the void begins to deviate from the hydrostatic profile at an 
even greater height than that at which the maximum vertical stress occurs, so 
some stress transfer mechanism exists within the fill above the height of the 
maximum vertical stress. This would make the outer radius of Hewlett & 
Randolph's arch even larger. For the present purpose of illustration however the 
value of 1.2m will suffice. The inner radius is given by D12, i. e. 0.4m in this 
case. Two semi-circles with these radii are sketched onto Figure 6.9. The arching 
material lies within these two arcs. 
fill If an arch of the type proposed by 
Hewlett & Randolph had formed, with 
hoop stresses developing in the zone of 
arching material, then the orientation of 
the major principal stresses at all points 
Potentially arching within this zone should be tangential to 
material (after Hewlett 
& Randolph (1988) the curve of the arcs. This is clearly not 
the case, either at the crown of the arch or 
in the fill not directly above the void, and 
becomes more clearly false if the radius 
of the outer arc were larger. If the region Possible shear surface 
(after Terzaghi (1943) 
1 
of fill above the comer of the void is 
1111111 , 
considered, it can be seen that within this 
Figure 6.9: Orientation of major region the orientation of the major principal stresses above a 0.8m 
diameter circular void showing principal stress changes from vertical to 
arching behaviour an inclination of approximately 45'. The 
line along which this transition oc curs is likely to be the shear surface along 
which some movement has occurred , and is marked on Figure 6.9. 
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It seems that Terzaghi's approach is therefore the more appropriate. All further 
work in this study will therefore consider only Terzaghi's approach. 
6.1.3 Modification of Terzaghi's theory 
The discussion in Section 6.1.1 allows three cases to be identified, which must 
now be considered in light of Terzaghi's theory. These three cases are: 
Where the shear surface finishes before reaching the ground surface. This 
results in plots of orientation of major principal stress similar to Figure 
6.1 (a). This is the most desirable situation. 
Where the shear surface extends through the full thickness of the fill 
layer. When this occurs, the orientation of the major principal stress plot 
will resemble Figure 6.1 (b). 
No stable shear surface forming. In this case the load transfer platform 
will collapse in the event of a void forming. 
As discussed in Section 6.1.1, when designing a reinforced fill layer above a 
void, it is desirable to achieve a situation of the first type. In this case, there is a 
zone of fill material at some distance H, above the void, where the stress regime 
is unaffected by the presence of the void. The material in this zone may be 
considered to act as a surcharge. Applying a surcharge above the shear surface 
has the effect of raising the stress levels in the fill material around the shear 
surface, and in particular raising the shear resistance along the surface. When the 
shear resistance is increased, the length of the shear surface required to generate 
sufficient resistance to the movement of the falling fill column should be 
reduced. In its current form, Terzaghi's equation takes no account of this 
beneficial effect. If the conditions in which this situation occurs, and some means 
of determining H, where it exists, can be established, then it is possible to 
modifý Terzaghi's approach to reflect the improvement in conditions due to this 
type of behaviour. This possibility is considered in the following sections. 
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6 1.3.1 Critical heikht Hc 
The conditions in which the arching behaviour will develop in such a way that 
the uppermost part of the fill layer is unaffected by the presence of the void 
beneath have already been determined in Section 6.1.1. The value of HID 
defining the onset of this type of behaviour has been shown to depend on the 
value of O'fij. For the purpose of deriving modifications to Terzaghi's arching 
equation in this section, it is assumed that the material parameters are as given in 
Table 5.1. 
A weakness in Terzaghi's formulation when applied to the situation where the 
shear surface does not propagate through the full thickness of the fill material is 
illustrated in Figure 6.5. The equation for the vertical stress profile, given in 
equation (6.2), assumes that the shear surface extends through the full height of 
the fill. In this case, Terzaghi's equation, in its original form, predicts that the 
maximum vertical stress is at the bottom of the falling column, immediately 
above the void, as shown by the broken line in Figure 6.5. This is clearly not the 
general case, as demonstrated in Figures 6.6(a) and 6.6(b). The type of 
amendment that needs to be made to the vertical stress profile is shown as a solid 
line in Figure 6.5. Terzaghi (1943) suggests making such an amendment, on the 
basis of experimental observations, and the process is therefore empirical. 
However if the height above the void corresponding to the top of the arching 
material can be determined systematically, then equation (6.2) can be modified 
rigorously to produce a stress profile with a peak stress at the top of the arching 
fill. This would reproduce more accurately the shape of the vertical stress profile 
obtained from the finite element analyses. 
The definition of critical height H, is that H, is the height above the void beyond 
which the stress regime in the fill is unaffected. Terzaghi (1943) suggests, on the 
basis of experimental observations, that beyond a height of 2.5D above the 
centreline of a void, the formation of the void has no effect on the state of stress 
in the soil. Figure 6.10 shows a sketch of a typical vertical stress profile above 
the centreline of a void, similar to those shown in Figure 6.5, and the hydrostatic 
profile. The theoretical stress profile shown in Figure 6.5 suggests that H, is 
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, p, 
the height above the void at equal to H 
which the maximum vertical stress occurs. 
Figures 6.6(a) and 6.6(b) indicate that this is 
not so - the observed vertical stress profiles 
begin to deviate from the hydrostatic profile 
at a height above Hp. This is illustrated in 
Figure 6.10. This reduction in vertical stress 
indicates that some stress transfer is 
occurring at heights greater than Hp. This is 
therefore not the critical height, and the point 
at which the vertical stress profile begins to 
deviate from the hydrostatic should be 
identified in order to assess H, 
C 
Figure 6.10: Sketch of 
vertical stress profile above a 
void illustrating the 
definition of H, and Hp 
Figure 6.11 shows the computed relationships between H, and the void size D. 
Since Terzaghi postulates that the fill is unaffected beyond heights of 2.5D above 
the top of the void, the relationship H, =2.5D is also shown. In all of the cases 
presented in Figure 6.11, the fill thickness H is 4m, and so H, cannot exceed 4m. 
Although the results indicate that the relationship beween H, and D is non-linear, 
there is some relationship between the two with H, generally increasing with 
increasing void size D. The increase in H, for a given increase in void size 
becomes progressively smaller as the void size increases. The cases presented in 
Figure 6.11 are those for which a critical height H, exists, so by definition if the 
void size is larger than those presented in Figure 6.11 then the stress regime in 
the fill is affected for the full height of the fill layer. Thus for a fill thickness of 
4m it seems that H, does not exceed 3.2m. Even if H, could reach higher values, 
it cannot exceed 4m, and so Terzaghi's estimated relationship can only be 
applied to voids up to 1.6m wide. For voids up to this size, generally H, =2.5D 
underestimates the value of H, for infinitely long voids. For circular voids, 
H, =2.5D is a reasonable approximation for smaller void diameters, but tends to 
overestimate H,. for larger voids. 
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Vertical stress q, 
4 It can be seen that the 
value of H, does depend 3.5 
on the shape of the 
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void, being higher for 
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an infinitely long void . 
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values presented in 
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Analysis of circular voids 
Analysis of infinitely long voids 
Hý=2.51D 
H, is the height of the 0iI III,,!,, 
hi hest point above the 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 g Void diameter or width D (m) 
void at which the Figure 6.11: Comparison of computed and 
difference between the empirical relationships between height to top of 
calculated vertical archingfill and void size 
stress profile and the hydrostatic stress profile is more than IkPa. This is clearly 
somewhat arbitrary. 
4 ------------------- ----------- In contrast, the height 
-Eý 3.5 4- above the void at which 
a: -ýý:! ý! ýIIII 
Ch 
:IIIIIIIIIII the peak stress occurs, H 37 -1- -1- T -I- -r -7- -i- -r- -r - -i- -i 'p 
is well defined. The 
2.5 ýE (D 
> results of a similar 
2 Q) exercise undertaken using 
.61.5 +- HP instead of H, are > 
a) > 0 shown in Figure 6.12. CU .01TT -1 T- -1 7- .7- -I- -I 
These results suggest that 
0.5 Analysis of circular voids X Analysis of infinitely long voids the value of Hp for an HP=2.5D 
0 infinitely long void of a 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1 ý6 1.8 2 2.2 2.4 2.6 Void diameter or width D (m) given width is only 
Figure 6.12: Comparison of computed and slightly less than for a 
empirical relationships between height at which circular void of the same 
maximum vertical stress occurs in archingfill 
and void size diameter. This suggests 
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that Hp is not particularly dependent on void shape, and for larger values of D, Hp 
appears to be independent of void size. The relationship Hp=2.5D appears to be 
relevant only for very small values of D, and increasingly overestimates Hp as the 
void size grows larger, which makes it inconsistent with the experimental 
observations made by Terzaghi. This inconsistency, and the lack of dependence 
of Hp on the shape or size of the void makes it a far less reliable parameter than 
H,, which behaves in greater accordance with Terzaghi's observations. Also, as 
illustrated in Figure 6.10, Hp does not truly describe the top of the arching fill 
layer. Consequently Hp will not be used to describe the arching behaviour in the 
fill layer in this study. 
The results plotted in Figure 6.11 are for a 4m thick fill layer. The consequences 
of varying the thickness of the fill layer H are considered in Figure 6.13, for 
voids of different shapes and sizes. For circular voids, this type of arching was 
seen for voids up to 2.6m 
in diameter. Therefore 
3.2 ------------------------------- 
A--A, ý D=0.8m I 
void diameters of 0.8m, 
D=1.4m I 
D=2. Om L L 
- 2.8 
1.4m and 2. Om were 
considered to provide 2.4 ------L L- 
reasonable coverage of -. E 
the appropriate range of 
2) 2 ------ L L- --L- ----L ---- I 
void sizes. The 
1.6 ------L----L---- 
relationship between H, 
and H appears to be ---- 
IL 
1.2 ---L ---- L ---- L ---- 
linear, with the rate of 
increase of H, increasing 0.8 
slightly as the void size 
1.6 2 2.4 2.8 3.2 3.6 4 
Fill thickness H (m) 
increases. When H, and H 
Figure 6.13: Development of critical height Hc 
asfill thickness increases above circular voids 
are both normalised by of different sizes 
the void size D, the 
relationship between H, 1D and HID is almost linear, as shown in Figure 6.14. 
The solid line in Figure 6.14 shows a suitable approximation to this line, 
obtained by least squares regression analysis. The high R2 value indicates that the 
data correlate well with this trendline, and that the equation of this line is an 
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accurate description of the 
2.4 -- - -. - - -. - - -. - -----I-I-I---I--I- 
ýAAA D=0.8m M 
available data. This line '0 
<C> 0 D=1.4m 
200 
D=2. Om LLLLI 
only starts when HID - 
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in this case 1.5, the soil is LLILLL 1.2 LLLLLL--IL-L 
not forming this most 
stable form of arch, with a 
region of unaffected fill 
beyond some critical rR 0 9) 71 
height above the void. 
. IIII 
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This corresponds to the 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 
H/D 
condition given in Figure 6.14: Relationship between H, H, and D 
equation (6.1 a). for circular voids 
The same procedure is followed to find a similar relationship for cases where the 
void is infinitely long. In this situation only voids up to 1.4m in width give rise to 
this situation of having an apparently unaffected zone of soil at some distance 
above the void. Therefore 5------------------------------ 
voids of 0.4m 0.8m and 
+++ D=0.4m IIII 4M III 
I AA , A D=0.8m 8M '0 
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+1 A A 
3 AA AA 
between H, H and D for 0 
the case of an infinitely 
long void. The results are 
presented in Figure 6.15, 
and again a solid line 
approximating the 
relationship between HID 
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and HID is shown. In this 
o123456789 10 
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case the line starts when Figure 6.15: Relationship between H, H, and D 
HID reaches a value of 
for infinitely long voids 
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roughly 3.0, which is the condition given in equation 6.1(b) for the onset of this 
type of behaviour. 
Combined together, Figures 6.2,6.14 and 6.15 give the following relationships 
between H, H, and D: 
For circular voids: 
When H> 1.5D: H, = 0.35H + 0.6D (6.4) 
For infinitely long voids: 
VvIben H>3. OD: H, = 0.35H + 1.2D (6.5) 
It should be noted that these relationships are determined for the basic case 
material parameters given in Table 5.1. When the material properties are altered, 
these relationships may be affected. 
6.1.3.2 Modifications to Terzaghi's arching equation 
Now that the height above the void at which the stress regime in the fill is 
unaffected by the formation of a void has been established, it is possible to make 
an adjustment to Terzaghi's equation (6.2). This can be done rigorously, in the 
following manner. The material above the height Hc may be treated as a 
surcharge load. The governing equation is still given by equation (2.17), but the 
boundary condition used to solve this is now that at a depth z=H-H, the 
vertical stress is given by q, = (H - Hc), v + ws. The soil above the plane of equal 
settlement is not experiencing any arching behaviour and so the stress profile is 
hydrostatic. Solving equation (2.17) subject to this boundary condition gives the 
modified expression for the vertical stress for the fill beneath the plane of equal 
settlement. 
For infinitely long voids: 
Whenz<H-H,: 
0-, = 7z (6.6a) 
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Whenz>H-H,: 
DOI-2c1D) 
+ 
ý(H 
- H, ); v + -S 
DOI - 2c / D) 
le 2K(H 
D 
H, -z) tan 0 
(6.6b) 
2K tan 0 2K ta 
Setting H, =H causes these equations to revert to Terzaghi's original equation 
(6.2). This would be the case when the shear surface extends through the full 
thickness of the fill layer. 
Applying the same new boundary condition during the derivation of Kezdi's 
equation (2.19) for the vertical stress profile above a circular void yields the 
following modified version of Kezdi's equation. 
For circular voids: 
Whenz<H-H,: 
(TV =X 
Whenz>H-H,: 
(6.7a) 
av = 
D(; v-4clD) + 
ý(H 
- HJ7 + w, _ 
DOI - 4c / D) 
ýe 4K(H 
D 
H, -z) taý 0 
(6.7b) 
4K tan 0 4K tan 0 
6.1.3.3 Validation of modified arching equations 
Equations (6.4) and (6.7) have been used to compute the vertical stress profiles 
above a 0.8m diameter circular void. These are plotted in Figure 6.16, along with 
the results from ICFEP and the vertical stress profile predicted using Terzaghl's 
original equation (6.2). Similarly, Figure 6.17 compares the vertical stress 
profiles computed using ICFEP, equations (6.5) and (6.6), and Terzaghi's 
original arching equation, above the centreline of a 0.8m wide infinitely long 
void. In both cases the vertical stress profiles are shown through the full 4m 
thickness of the fill layer, and down to the deflected level of the reinforcement. 
In these calculations the stress ratio K has been assumed to be equal to KO, the 
coefficient of earth pressure at rest. 
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Figure 6.16: Comparison of Figure 637. Comparison of 
predicted vertical stress profiles predicted vertical stress profiles 
above a 0.8m diameter circular void above a 0.8m wide infinitely long 
void 
In both cases, it can be seen that the modified equation gives a better, but not 
perfect, match for the vertical stress profile computed using ICFEP than 
Terzaghi's original equation at higher levels in the fill layer. As noted in Section 
6.1.3.1, Terzaghi's original equation predicts that the maximum stress occurs at 
the level of the reinforcement. The modified equation will only predict the peak 
vertical stress at the correct depth if Hp is used in the derivation of the modified 
equations rather than H,. However, it has been noted that some arching will 
occur in the fill material at heights between Hp and H, so using Hp in the 
modified equation, and assuming that the vertical stresses follow a hydrostatic 
profile at heights greater than Hp, will overestimate the vertical stresses at heights 
between Hp and H,. Some better compromise between Hp and H, could perhaps 
be reached, but it is unnecessary to attempt this for the purposes of this study, 
because the stress levels in the higher parts of the fill layer do not need to be 
known in order to design the reinforcement in a reinforced fill load transfer 
platform. 
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For the purpose of designing this reinforcement, the only level at which it is 
necessary to know q, is at the level of the reinforcement. At this level, 07, is 
denoted by p, as in Section 2.8. It can be seen in both Figures 6.16 and 6.17 that 
both Terzaghi's original equation and the modified version significantly 
overpredict the vertical stress at this level, and that the modified equations are 
actually slightly worse in this respect than Terzaghi's. In fact for large values of 
z, both Terzaghi's equation and the modified equations tend asymptotically to the 
same values, given below for circular and infinitely long voids. 
For circular voids: lim', 07V = 
DOI - 4c / D) (6.8a) 4K tan 0 
For infinitely long voids: (TV = 
DOI - 2c / D) (6.8b) 
2K tan 0 
Consequently, at depth, such as the level of the reinforcement, the vertical 
stresses yielded from the modified equations will never be significantly different 
to those predicted using Terzaghi's original equation. There is therefore no 
significant benefit in terms of reducing the vertical stresses in the fill to be 
gleaned from reducing the length of the shear surface in this way. 
Figure 6.18 shows the vertical stresses predicted at the level of the deflected 
geosynthetic, p, beneath a 4m thick fill layer using ICFEP for each void size for 
which stable arching behaviour is seen, for circular voids. These results are 
compared with the vertical stresses at the same location predicted using 
Terzaghi's original equation, and the modified equations proposed here. In order 
to use the modified equation (6.7), H, has been determined using equation (6.4). 
Figure 6.19 compares the same predictions for infinitely long voids. 
Figures 6.18 and 6.19 show the results for all of those cases where the finite 
element analyses indicate that a stable arch will form, of either of the types 
illustrated in Figure 6.1. Where the shear surface extends through the full 
thickness of the fill layer, and no critical height H, exists, the modified equations 
(6.6) and (6.7) are identical to Terzaghi's original equation. Above all but very 
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Because the modified equations consistently perform worse than Terzaghl's 
equation in terms of predicting the vertical stresses at depth in the fill layer, and 
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because the differences in the predictions between the two equations are small at 
depth, as demonstrated by equation (6.8), it is concluded that there is no benefit 
in modifying Terzaghi's equation in this manner, and the original equation (6.2) 
may be used. 
6.1.4 The influence of the stress ratio K 
In Section 6.1.3 it has been demonstrated that changing the boundary conditions 
of Terzaghi's original arching equation has no benefit in terms of accurately 
predicting the vertical stress at depth in the fill, because the modified equations 
and Terzaghi's original equation both tend to the same value, given by equation 
(6.8), as the depth z increases. In order to estimate more accurately the vertical 
stresses at depth, which are currently overpredicted, it is therefore necessary to 
find some means of reducing the value of this term in Terzaghi's equation. 
Most of the variables in equation (6.8) are clearly defined for a given void 
geometry and fill type. The only variable in this equation whose value is not 
uncertain is the stress ratio K, the ratio of horizontal to vertical effective stresses. 
Bearing in mind that this stress ratio is to be applied to the stresses acting along a 
shear surface, it seems likely that it will be appropriate to use higher values of K, 
since the fill in this region will have experienced significant disturbance, and will 
be trying to shed vertical loads. Different means of evaluating K are considered. 
In Chapter 5, the variables in the parametric study that were shown to have an 
influence on the behaviour of a reinforced fill load transfer platform were the 
geometry of the void and the overlying fill layer, the angles of shearing 
resistance and dilation in the fill material, and the tensile modulus of the 
geosynthetic. The effects of these variables on the value of K are considered 
separately in the following sections. 
6.1.4.1 Evaluating K 
In the finite element fon-nulation used in the parametric study, the value of KO, 
proposed by Giroud as a suitable value of K to use in Terzaghl's original 
equation, depends only on the elastic material properties, as described in Section 
5.4, and is therefore 0.43 in all cases. 
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Handy (1985) used stress field analysis to derive an alternative stress ratio K,: 
Ký = 
1.06(COS2 0+K, 
sin 
20) (6.9) 
Where O= 45'+(0/2), and K, is the coefficient of Rankine active lateral earth 
pressure, defined as follows: 
I-sino 
I+sino (6.10) 
As a consequence of equations (6.9) and (6.10) the value of K", will only change 
when the angle of shearing resistance in the fill is altered. 
Giroud et al (1990) found that whenever 0 is greater than 25', then the value of 
Ktano may always be conservatively considered to be equal to 0.25, regardless of 
whether Ko or K,, is used. This gives a third means of estimating the value of the 
stress ratio K. 
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Figure 6.20: Contours of stress 
ratio K in thefill layer above a 
1.4m diameter circular void 
There is some difficulty in evaluating K, 
the ratio of current horizontal to vertical 
stress, from the output of the finite 
element analysis. The correct value to use 
should be the value of K along the shear 
surface, as illustrated in Figure 2.27. A 
typical example of the contours of stress 
ratio in a geosynthetic reinforced fill layer 
above a void is shown in Figure 6.20. The 
fill immediately above and adjacent to the 
void has experienced significant 
disturbance, and the stress ratio value in 
this region varies dramatically, as 
indicated by the high concentration of 
contours of stress level in this region. It 
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can be seen that at the comer of the void K ranges from 0.3 to 1.4, and that the 
contours are too closely spaced to allow a more accurate determination. It is 
therefore not possible to evaluate Kin this region in this way. 
Since it is not known where exactly the shear surface is located, the highly 
disturbed fill above the comer of the void is used to generate a possible value for 
K. In this study, this is found by 
calculating the stress ratio at 
each of the Gauss points in the 
element immediately above and 
adjacent to the comer of the 
void, as illustrated in Figure 
6.21. These values are then 
averaged, and this average value 
is henceforth described as the 
xx 
Gausspoint, twLhKisle 
: veragý 
99 
Void 
Geosynthetic membrane 
and then 
Overlying fill 
foundation soil 
value of K derived from the 
Figure 6.21: Sketch illustrating the means 
of evaluating Kfrom thefinite element 
results of the parametric study. analysis used in the parametric study 
6.1.4.2 Influence ofgeometrical variations 
The results of the analyses of a 4m thick fill layer above voids of different shapes 
and sizes are considered here. The material properties are as given in Table 5.1 in 
all cases - this means that Ko is 0.43, and that K, evaluated using Handy's 
equation (6.9), is 0.45. If Ktano--0.25 as proposed by Giroud et al (1990), then 
K=0.36. These values depend only on the fill material properties and are 
unaffected by alterations in the geometry of the void or the overlying reinforced 
fill load transfer platform. 
Figure 6.22 shows the variation of the stress ratio K as the size of the void is 
altered. The results of the analysis of circular voids (ICFEP, AS) and infinitely 
long voids (ICFEP, PS) are shown, and compared with the estimated theoretical 
values of K described above. The scatter in the results obtained from ICFEP, 
which is thought to be due to the fact that in many cases the stresses used to 
compute K are small, makes it difficult to postulate an appropriate relationship. 
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There does not appear to 
1.4 ICFEP, AS 
ICFEP, PS 
be any clear trend relating K, 
K to the size of the void, 
1.2 Ký 
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of K is similar regardless ýe 
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than this. The theoretical Figure 6.22: Comparison ofK values computed 
estimates are seen to be ftomfinite element analysis with those 
lower than those obtained available 
in the literature, for circular and 
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from ICFEP in all cases. 
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Figure 6.23: Comparison of vertical stresses at values of 
K, and those 
the level of the reinforcement, predicted using derived from the 
Terzaghi's arching equation with different 
values of K, above circular voids of different numerical analysis. 
The 
diameters results of this exercise are 
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Figure 6.24: Comparison of vertical stresses at 
the level of the reinforcement, predicted using 
Terzaghi's arching equation with different 
values of K, above infinitely long voids of 
different widths 
presented in Figure 6.23 
for circular voids, and 
Figure 6.24 for infinitely 
long voids. In all cases, 
the agreement between 
the vertical stresses at the 
reinforcement level 
predicted using 
Terzaghi's equation and 
those predicted using the 
finite element method 
improves as the K value 
increases. For example, 
for a 4m diameter circular 
void, the overestimate of 
the vertical stress obtained 
from Terzaghi's arching equation is reduced from roughly 150% to just 20% 
when the value of K is increased from 0.43 to 1.0. For other void sizes the 
agreement between the stresses predicted using ICFEP and K=1.0 is even better 
than this. A similarly dramatic improvement in the accuracy of predicting the 
vertical stress at the base of the fill layer is seen when the void is longitudinal in 
shape. In this case, if the void width is 1.6m, the overestimate made using 
K=KO=0.43 in Terzaghi's equation is approximately 270%, which reduces to 
90% when K=1.0. Obviously this is still not a perfect match for the results of the 
finite element analysis, but the improvement is significant. Using Ktano--0.25 as 
proposed by Giroud et al (1990) is seen to increase the overestimation of p even 
more than using K=K0, for both circular and infinitely long voids. 
6.1.4.3 Influence offill material properties 
The two fill material properties identified in Chapter 5 as having an influence on 
the behaviour of a reinforced fill layer above a void are the angle of shearing 
resistance and the angle of dilation. The effects of these parameters on the value 
of the stress ratio K are considered separately in the following sections. 
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61.4.3.1 Angle of shearing resistance 0' 
The values of O'fiij considered in the parametric study are 25', 35' and 45'. Again, 
the KO value in the fill in the finite element analysis is 0.43 in all cases, as it is 
determined purely by the elastic properties (during construction) of the fill 
material, which are unaltered in these analyses. Handy's K, however varies with 
changing O'fill, decreasing as O'. fill increases. Although Giroud's proposal that 
Ktano=0.25 whenever 0>25' means that the value of p estimated using 
Terzaghi's arching equation is independent of the value of O'fill, the value of K is 
not. Calculated in this manner, K will decrease as O'fill increases. 
Again, K has been calculated from the output of the parametric study in the 
manner described in Section 6.1.4.1. For infinitely long voids, the values of K for 
different void sizes as O'fill varies are shown in Figure 6.25. The corresponding 
K,,, and KO values are also 21----------- --- -- ICFEP, ý: 215d7eg 
shown. For clarity, the 1.8 - 
K., 0=25deg 
ICFER 0--35deg 
<30-- 0--o Ký, ý=35deg values of K computed 1.6 
ICFEP, (ý=45deg 
using the relationship A- Ký,, 0=45deg 1.4 K, 
Ktano--0.25 are omitted; 
0 1.2 
these are less than 
Handy's & values for CO 
0.8 L 
each value of O'fill, as K is 
equal to 0.54,0.36 and 0.6 -- 
0.25 when O'fi,, =25', 35' 0.4 
A-- ý-A 
and 45' respectively. As 0.2 
previously, Terzaghi's Ko 0 
0.4 0.8 1.2 1.6 2 2.4 
Void width D (m) 
value is particularly low, Figure 6.25: Comparison of K values 
and Handy's & values computedfrom 
finite element analysis with 
those available in the literature, for infinitely 
are also lower than the long voids of different sizes as O'f, 11 varies 
values derived from the 
output of the numerical analysis, although they improve as O'fill increases. The 
results of the numerical analysis show no discernible pattern of variation of K 
with changing O'fill. Not shown here are the results of a similar exercise involving 
circular voids, in which case the results are very similar to those for an infinitely 
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long void, implying that K is independent of the shape of the void as discussed in 
Section 6.1.4.2. For both void shapes, K=1.0 is a reasonable average value of K 
for all three values of O'. fij, considered. 
For each of the void shapes and O'fill values considered, it is found that when KO, 
K,, and K=1.0 are used to determine the vertical stresses acting in the fill at the 
level of the reinforcement, K=1.0 provides by far the closest match to the stresses 
predicted by the finite element analysis. This has already been seen for the case 
where O'fill=35', in Figures 6.23 and 6.24. Similar results, not shown here, are 
seen for the cases where 0'. 0 is 25' and 45', for both circular and infinitely long 
voids. Using K=1.0 generally produces slightly larger vertical stresses than 
predicted by ICFEP, in a similar manner to the results presented in Figures 6.23 
and 6.24. The degree to which the value of p is overestimated using Terzaghi's 
arching equation with K=1.0 is similar to the values cited in Section 6.1.4.2 for 
the case where O'fiij=35'. 
61.4.3.2 Angle of dilation v 
Figure 6.26 shows the 
values of K computed 
from the results of the 
parametric study, and 
compares them with the 
KO, K, and K=0.25/tano, 
all of which are 
independent of v. From 
Figure 6.26 it is evident 
that there is no discernible 
relationship between K 
and v. The same is true 
for circular voids. This is 
unexpected, since a 
dilatant material is 
expected to be more 
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Figure 6.26: Comparison qfK values computed 
fromfinite element analysis with those 
available in the literature, for infinitely long 
voids of different sizes as Y varies 
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efficient at shedding vertical loads laterally, and therefore K would be expected 
to be higher for soils with a higher angle of dilation. However the results of the 
finite element analysis do not support this supposition. Once again, K=1.0 
appears to be a reasonable approximation to the K values derived from the finite 
element analyses in all cases. 
As in previous cases, the vertical stresses predicted with Terzaghi's arching 
equation using KO, K, Kta no-0.25 and K=1.0 are compared with the vertical 
stresses at the reinforcement level predicted for infinitely long voids using 
ICFEP in Figure 6.27. It is again evident that using higher values of K produces a 
closer match to the finite element results. Having seen, in Section 5.7.4, that 
increasing the angle of 
dilation reduces the 
80 ----------------------------- 
1CFEP, v=Odeg 
membrane deformations, 
70 
X --- X ICFEP, v-17deg 
0-49-ý ICFEP, v=35deg 
a- 
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to be the case in Figure -70 20 --------- 
6.27. The ICFEP > 10 ---------- 
calculations predict 
ý 100 similar values of p for a 0 
0 0.5 1 1.5 2 2.5 
given void size, Void width D (m) 
regardless of the angle of Figure 6.2 7. - Comparison of vertical stresses at 
dilation. This is also 
the level of the reinforcement, predicted using 
Terzaghi's arching equation with different 
found to be the case when values of K, above infinitely long voids of 
the void is circular. 
different widths as v varies 
In Section 5.7.4 increasing the angle of dilation was shown to improve the 
behaviour of a geosynthetic reinforced load transfer platform above a void by 
reducing the geosynthetic deflections and the surface settlements. Consequently 
dilatancy may well be expected to improve arching behaviour in the fill. The 
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results of the finite element analysis presented in Figure 6.27 indicate that the 
dilatancy of the fill and any corresponding increase in the strength of the fill 
material do not appear to have any effect on the vertical stresses in the fill at the 
level of the reinforcement. The reduction in membrane displacements seen in 
Section 5.7.4, which becomes more significant as the void size increases, is 
therefore not due to the vertical stress at the level of the reinforcement being 
reduced. Figure 6.28 shows the relationship between the deflection of the 
0.25 ý----------------------------- 
E, 0.2 
-0 
0.15 
0.1 
c3, 
E 
x m > 0.05 
0 
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geosynthetic and the 
thickness of the fill layer, 
above a 1.4m diameter 
circular void, for different 
values of v, when all other 
material properties are as 
given in Table 5.1. It can 
be seen that for the case 
where v is zero, the 
deflection of the 
geosynthetic stabilises 
01234 when H> Im and does not Fill height H (m) 
Figure 6.28: Variation of geosynthetic increase any further if the 
deflection due to changingfill height H above a fill height is increased. 
1.4m diameter circular void when v varies This kind of behaviour is 
indicative of the formation of a stable arch in the fill material that prevents the 
transmission of any increase in vertical stress above the arch to the geosynthetic. 
However, when v is non-zero, the maximum membrane deformation does not 
stabilise with increasing fill height. As more material (or greater surcharge) is 
added above the void, more movement is needed to generate sufficient resistance 
to the increase in vertical stress. The arching behaviour therefore cannot be 
considered to be completely stable in these cases. 
In general, dilatant soils exhibit an increase in strength at small strains, while 
they expand to overcome the interlocking of particles within the soil mass. Once 
this process has occurred however, the frictional resistance usually decreases to 
_J -L _J_ 
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the critical state value. Above the comer of the void, the results of the finite 
element analyses indicate that the shear strain in this region is typically in excess 
of 10%. At such large strains, there is no increase in strength when compared to a 
loose, non-dilatant, sample of the same material. This may account for the 
behaviour seen here. At small strains, the dilatant soils exhibit an increase in soil 
strength, and corresponding improvement in behaviour, but as shearing 
progresses and the strains increase, the strength reduces and further movements 
occur along the shear surface, exacerbating the problem. Because the frictional 
resistance along the shear surface reverts to that of a non-dilatant soil at large 
strains, the stresses and strains generated by a system with zero dilatancy may 
therefore be considered to represent an upper bound for the stresses and strains 
developed by a similar system incorporating a dilatant soil. 
For the purpose of predicting stress levels in the fill and consequent membrane 
deformations, it may therefore be prudent to ignore any apparent benefits from 
the soil dilation. 
6 1.4.4 Influence ofgeosynthetic material properties 
The only geosynthetic material property identified in Chapter 5 as having an 
influence on the behaviour of a geosynthetic reinforced load transfer platform is 
the tensile modulus J. In Section 5.8.1 it was shown that increasing the tensile 
modulus has the effect of reducing the deflection of the geosynthetic, but that up 
to a limit, in this case when J=50kN/m, the tensile forces generated in the 
reinforcement are not affected. That the loads generated in the reinforcement are 
the same regardless of the value of J (over this range) indicates that the stresses 
in the fill, to which the reinforcement is subjected, are the same in all of these 
cases. For larger values of J, i. e. when the reinforcement is stiffer, the 
reinforcement attracts more load. 
Again, the theoretical values for K, i. e. Ko, K, and K=0.25/tano, proposed in the 
literature are uninfluenced by this material property and are constant at values of 
Ko=0.43, K,, =0.45 and K=0.36, since O'f, 11=35' in all of the cases presented here. 
Figure 6.29 shows the K values obtained from the finite element analysis of 
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Figure 6.29: Comparison ofK values computed 
fromfinite element analysis with those 
available in the literature, for infinitely long 
voids of different sizes as J varies 
The results presented already in Figure 6.24 compare the vertical stresses at the 
base of the fill layer, above the void, with the stresses predicted using Terzaghi's 
equation using KO, K, Ktano==0.25 and K=1.0 for the case where J=50kN/m. 
Again, the results suggest that using higher values of K in Terzaghi's arching 
equation produces a better match to the vertical stresses at the level of the 
reinforcement obtained from the finite element analysis. As described in Section 
5.8.1, there is a transition in the response of a geosynthetic reinforced LTP when 
the stiffness passes this value. When J<50kN/m the tensile forces generated in 
the membrane are the same regardless of the value of J, up to this limit. It is 
found that the value ofp is also the same regardless of J, over this range, and that 
the results of the finite element analyses all lie along the ICFEP curve seen in 
Figure 6.24. As J reduces the membrane deflects further, increasing the fill 
thickness above the centre of the geosynthetic, and this causes the value of p 
predicted using Terzaghi's arching equation to rise slightly. So as J reduces, the 
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discrepancies between the vertical stresses predicted using Terzaghi's equation 
and ICFEP become slightly greater. However the pattern of results is still similar 
to that seen in Figure 6.24, and using higher values of K in Terzaghi's equation 
still produces the best approximation to the results of the finite element analyses. 
When J>50kN/m however, there is a transition in behaviour as J increases, as 
seen in Section 5.8. L Over this range of stiffnesses, both the deflections (and 
therefore the fill thickness above the centre of the void) and the value of p are 
seen to reduce as J increases. Even so, the discrepancies between the predictions 
made using Terzagbi's equation and ICFEP are still seen to be significant in the 
80 ------------------------------- cases considered in this F-II 
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study, and appear to K, 
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Figure 6.30: Comparison of vertical stresses at between the predicted p 
the level of the reinforcement, predicted using values and those obtained Terzaghi's arching equation with different 
values of K, above infinitely long voids of from ICFEP. In this case 
different widths when J=50OOkNIm though even the 
predictions made using K= 1.0 are approximately double the value of p obtained 
from ICFEP. However there is little justification for raising K beyond the value 
of 1.0, in view of the results presented in Figure 6.29. 
As a consequence it is seen that for the range of stiffnesses considered in this 
study, the prediction of p using Terzaghi's equation is most accurate for those 
cases where J=50kN/m, with the discrepancies increasing as the stiffness either 
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increases or reduces from this value. Using a value of K=1.0 in Terzaghi's 
equation generates a better approximation of the results obtained from ICFEP 
than using any of the theoretical K values considered here, but still overpredicts p 
in all cases. 
6.1.5 Comments on arching behaviour in fills above a void 
Terzaghi's approach to the analysis of arching has been demonstrated to be the 
more suitable of the two arching theories considered here. This method of 
analysis is based on the concept that above the void, there is a falling column of 
fill. This column is restrained from moving downwards by friction along a shear 
surface between the falling column and the adjacent, stationary, masses of fill on 
either side of it. This accounts for the global behaviour of the system. However 
the material within the falling column is not a solid block. Within this column, it 
is reasonable to assume that similar behaviour is occurring on a localised scale, 
as depicted in Figure 6.31 
D 
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surfaces 
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fill mass 
I ... ynthetic 
Foundation 
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Figure 6.31: Sketch illustrating stress transfer within falling column offill 
material 
For example, consider the material at the centre of the falling column. The 
downward movement of this is restrained by friction with the material adjacent to 
it, which in turn is also trying to fall but is restrained by friction with the material 
beyond that, and so forth until the edge of the falling column is reached. With 
reference to Figure 6.3 1, the downward movement of zone A is being restrained 
by the soil in zone B, whose own downward movement is restrained by friction 
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along the boundary with zone C. Therefore within the falling column some load 
transfer mechanism will develop, and consequently there will be an increase in 
horizontal stress. 
This behaviour has a number of consequences of relevance to the behaviour and 
design of a reinforced fill load transfer platform above a void, as follows: 
The process generates horizontal stresses within the falling fill column. 
This means that the assumption made by the British Standard 
BS8006: 1995 and RAFAEL (Blivet et al, 2002) design guides, that the 
stresses acting at the reinforcement level are purely vertical, must be 
wrong. This has implications for the deflected shape of the geosynthetic. 
This interaction is due to the movement of the fill particles relative to 
each other, and will always develop when movement occurs. Therefore 
some load transfer mechanism will always develop in the fill above the 
void, even in those cases where it is not sufficient to form a fully stable 
arch and prevent further deflection of the geosynthetic when more load is 
added. This means that the geosynthetic is never subjected to the full load 
due to overburden and surcharge, as assumed in the British Standard 
BS8006: 1995 design method, unless the arching behaviour is eradicated 
in some way, e. g. by vibration or rising water pressure, or if some 
physical damage occurs, such as an excavation cutting through the 
arching fill. 
This process is directly responsible for the high level of stress 
mobilisation seen in the lower parts of the fill layer above the void (as 
seen in Figure 6.20). The movement of fill particles in this zone relative 
to other fill particles is sufficient to mobilise the shear strength of the fill 
here. This phenomenon is enhanced by the reduction in vertical stress 
seen beneath the arching material, which has the effect of reducing the 
shear strength of the fill in this zone. 
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6.1.6 Summary of findings 
In this section a thorough review of the behaviour of a layer of reinforced fill 
material above a void has been undertaken, in an attempt to ascertain which of 
two different soil arching theories is most appropriate to this scenario. It is found 
that Terzaghi's approach is capable of describing the behaviour seen in the fill 
layer in all cases, whereas Hewlett & Randolph's approach may only be applied 
to a limited number of cases. In addition, there is no evidence of a physical soil 
arch fon-ning in the manner described by Hewlett & Randolph, which would 
transmit hoop stresses around the arch from one stable support to another. 
Instead, significant disturbance is seen in the area close to the comer of the void, 
which may be explained by the formation of a shear surface propagating upwards 
from the comer of the void. This would agree with Terzaghi's approach. It is 
therefore concluded that Terzaghi's arching theory is the most appropriate. 
Even so, Terzaghi's arching equation does not accurately predict the vertical 
stress profile throughout the full height of the fill layer. Attempts have been 
made to rectify this, however it is found that there is no benefit in doing so in 
terms of evaluating p, the vertical stress at the base of the reinforced fill layer. 
Since this is the only level at which the vertical stress needs to be known, these 
modifications have been abandoned. 
Finally, the influence of the stress ratio K, the ratio of the horizontal to vertical 
stresses in the fill, has been assessed. Changing K has a significant effect on the 
value of p predicted using Terzaghi's arching equation. However in a zone of 
highly disturbed fill, such as a shear zone, it is very difficult to accurately 
evaluate K. The literature contains some theoretical means of evaluating K, and 
these are assessed by comparing the vertical stresses predicted at the base of the 
fill layer using these values in Terzaghi's equation with the results of the finite 
element analyses. This exercise demonstrates that the theoretical values tend to 
be too low, and result in overestimation of p. The accuracy of the predictions is 
increased when higher values of K are used. K appears to be independent of the 
size and shape of the void, and any of the fill or geosynthetic material 
parameters. The results of the parametric study indicate that K=1.0 provides a 
reasonable match for the results of the finite element analyses in all cases. 
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6.2 Behaviour of the geosynthetic 
For the purpose of selecting an appropriate reinforcement material it is necessary 
to know the maximum strain and the maximum tensile force that the geosynthetic 
should be capable of sustaining. Both of these depend on the deformed shape of 
the reinforcement. The most appropriate shape assumed by the geosynthetic as it 
deforms is therefore considered first, before establishing and validating the most 
suitable relationships to derive the strains and forces in the geosynthetic, in light 
of the results of the parametric study. 
6.2.1 Shape of deformed geosynthetic 
The current available design methods for a reinforced fill layer above a void 
identify two possible shapes for the deformed geosynthetic. The British Standard 
BS8006: 1995 and the RAFAEL design method (Blivet et al, 2002) both assume 
that the deformed geosynthetic can be described by a parabola, whereas Giroud 
et al (1990) suggest that the geosynthetic assumes the shape of a circular arc. 
These two different hypotheses are compared with the results of the finite 
element analyses here to see which is more appropriate. In order to do this, it is 
necessary to know the maximum deflection, which is taken from the results of 
the parametric study for each case considered. 
If the maximum geosynthetic deflection d, above the centre of the void, and the 
void width D are known, then it is possible to construct a parabola or a circular 
arc through the points defined by these geometrical conditions, which will 
describe the deformed shape of the geosynthetic according to the current design 
guidance, as described above. This is achieved using the general expressions for 
a parabola and a circular arc given by equations (6.11) and (6.12) respectively. If 
x is measured from the centreline of the problem, and y from the initial, 
undeformed, position of the geosynthetic, then: 
For a parabola, 
4 
dX2 
d 
D2 
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For a circular arc, 
2 d)2) =r2 where r=d+D (6.12) 2 8d 
Mifsud (2005) used the maximum geosynthetic deflection calculated from the 
finite element analysis to derive the deflected shape of the geosynthetic if it 
followed either of these forms, and then compared these shapes with the 
deflected shape computed using ICFEP. This was done for all of the cases 
analysed. A typical example is shown in Figure 6.32. These results are for the 
analysis of a longitudinal void of width 1.4m, beneath a 4m high layer of fill, 
using the basic case material parameters given in Table 5.1. It can be seen that 
the circular arc provides a closer match to the computed deflected shape. Mifsud 
(2005) found this to be true in all of the cases considered in the course of the 
parametric study, 0- 
including those where the 
-0.1 
void is circular. It is seen 
,2 
that the parabola and the jo; -0.2 1----r--- S 
0 circular arc both 0) 
'T -0.3 
-4 ---- 
underestimate the 
E 
(1) -0.4 LJ---- horizontal and vertical () 
Mn components of the a -0.5 --- -FU 
.2 geosynthetic deflection, at F- >C EIP results 
Cir 
--- --- 'k Par 06 A, Parabola all points between the Cjr( I 0-0-40 Circular arc 
centreline and the edge of -0.7 
the void, similar to the 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 Horizontal distance from centreline (m) 
example shown in Figure 
Figure 6.32: Deformed geosynthetic shapes 6.32, in all cases. above a 1.4m wide longitudinal void 
As discussed in Section 6.1.5, this behaviour is likely to be due to the lateral 
stresses developed in the region immediately above the void due to shearing 
between neighbouring particles in this region. This induces horizontal 
components of stress in the fill in addition to the vertical component. For the 
deformed shape to be part of a circle, the pressure acting on the geosynthetic 
must always be normal to the geosynthetic, and will therefore consist of both 
230 
vertical and horizontal components at all locations except directly over the centre 
of the void, where the pressure is purely vertical. In adopting the parabolic shape 
for the deformed geosynthetic, both the British Standard and RAFAEL design 
methods assume that the soil stresses acting at the level of the geosynthetic are 
vertical at all locations across the width of the void. Consequently the circular 
approximation is more realistic. 
6.2.2 Maximum strain 
In terms of selecting a suitable geosynthetic reinforcement material, it is the 
maximum strain developed in the geosynthetic that will need to be determined 
rather than the deflection it experiences. The maximum strain developed when 
the deformed geosynthetic follows a parabola is given by Steinman (1957), and 
reproduced in Appendix C. 
For a parabola: 
'Omax ý 
8d 2 (6.13) 
3D 2 
Where a circular arc is assumed the strain along the geosynthetic is given by 
equation (6.14), after Giroud et al (1990). The derivation of this equation is also 
shown in Appendix C. In order to correctly determine the strain it is necessary to 
first evaluate d1D. 
For a circular arc: 
if dlD<0.5 
M sin 
)-l 
M 
(6.14) 
2Q z-sin-'( 
I )ý-l if dlD>0.5 
IM 
Where Q is Oven by: 
Q=I 
2d+ D) 
(6.15) 
4(D 2d 
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Using these equations the maximum strain in the geosynthetic may be predicted 
and compared with the maximum values from the fin ite element analysis used in 
the parametric study. The results of this exercise are shown in Figure 6.33. The 
ICFEP results shown here are for the basic case m aterial parameters given in 
Table 5.1, considering 3------------------------------- 
ICIFIEP, PS different void sizes 
- Ac Parabola, PS I 1 L ------- J 2.5 
- Circular arc, PS 
------- I ICIFIEP, AS beneath a 4m high layer 
11K "K " Parabola, AS 
G Eý-ý Circular arc, AS of fill. The strain levels 
2----------------------------I 
are seen to be similar 
0 a) 0) regardless of the assumed 1.5 ---------J-------L -J 
form of the deflected 
E1 -------- j ------- L ____j ------ Z) geosynthetic, for both 
.E X CD void shapes, until the 
.2 0.5 --- -------J------------ tensile strains exceed 
50%. Such a high strain 
0 
01234 level is highly unlikely to 
Void width D (m) 
be allowed in practice, 
Figure 6.33: Comparison ofpeak strains and so no significant 
developed in geosynthetic when it deforms as a 
parabola or a circular arc, compared with difference 
is seen at the 
ICFEP results most likely strain levels. 
Although the differences between the maximum strains predicted for a void of a 
given shape and size are slight, the strains computed in a circular arc appear to be 
slightly closer to the results of the finite element analysis than those predicted 
using a parabola. The strains predicted using the parabolic approximation given 
in equation (6.13) begin to deviate significantly from the results of the finite 
element analyses when the deflections of the geosynthetic are relatively large 
compared to the size of the void. This is not surprising, since in the process of 
deriving the expression for c given in equation (6.13), see Appendix C, it is 
necessary to truncate a binomial expansion in terms of the ratio d1D (Steinman, 
1957). This is only accurate if d1D is sufficiently small that when raised to the 
power of 4 or higher, its value is negligible. Whilst this may be an acceptable 
assumption when considering suspension bridges, which is the application for 
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which this expression was originally derived, it is not always true for the type of 
application being considered in this study. However when d1D is larger, which is 
frequently the case for the geosynthetic in this study, this assumption is 
inappropriate and equation (6.13) is inaccurate. In contrast, Giroud's expressions 
for strain given in equation (6.14) are valid for all values of d1D. In light of this 
and in conjunction with the results seen in Section 6.2.1.1, it is therefore 
concluded that it is more accurate to approximate the deformed shape of the 
geosynthetic as a circular arc. 
The final point to 
consider is the 
distribution of the strains 
over the length of the 
geosynthetic. The finite 
element analysis results 
indicate that the peak 
strain always occurs at 
the edge of the void, 
even when the soil- 
geosynthetic interface is 
modelled in such a way 
as to allow the 
geosynthetic to "pull 
out" from the soil 
0.6 ---------------- -------------- 
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1 
0.5 -----L ---- L ---- L----I 
.20.4 
------LLL----L---------- 
4. 
C) 0.3 L----L----L----L-------- a) 0) 111111 
LZ 
ý5 0.2 ------LLL----L-------- 
0.1 ------L----L----LL-------- 
0 IIIF 
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Distance from centreline (m) 
Figure 6.34: Strain distributions above a 2. Om 
wide, infinitely long void and a 2. Om diameter 
circular void 
adjacent to the void. This is discussed in Section 5.5 in terrns of the distribution 
of forces in the geosynthetic, which is directly related to the strain distribution 
via the tensile modulus J. Typical examples of the distribution of strains in the 
geosynthetic obtained from the finite element analyses above voids of different 
shapes are shown in Figure 6.34. The strain at the edge of the void is always 
significantly higher than at the centre. Equation (6.13), for a parabola, assumes 
that the maximum strain occurs at the centre of the parabola, whereas the circular 
arc formulation assumes that the strain is uniformly distributed along the length 
of the arc. So although all three approaches yield similar values for the maximum 
strain, the distribution is seen to be different in each case. Since it is only the 
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maximum strain that is required for design purposes though, the exact 
distribution of strains does not seem to be important. 
6.2.3 Tensioned membrane theory 
In Sections 6.2.1 and 6.2.2 it is shown that it is most appropriate to assume that 
the membrane deforms as a circular arc. This assumption implies that the fill 
above the membrane is exerting a uniforn-i, normal pressure on the geosynthetic. 
Consequently the tensile force generated in the geosynthetic is derived from the 
circumferential or hoop stresses that would be acting in a pressure vessel of the 
appropriate form, as below (Gere, 2004), where r is as given in (6.12). It should 
be noted that t--D. (2, where -(2 is given by equation (6.15). Making this 
substitution yields Giroud's equations for the tension in a geosynthetic: 
For a circular void: T= 
pr 
= 
pDQ (6.16a) 
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For an infinitely long void: T pr = pDQ (6.16b) 
Where p is the vertical 3-------------------- --- ---- 
stress acting in the fill at 
the level of the 2.5 --------I-------- 
reinforcement, as 
described in Section 
2 -L -J ---L---IA-II 
6.1.3.2. From the output 1.5 J- --- J- 
of the finite element 
Cli 
analyses where T, p and d 11 ---- J ---- L-L -L ---- I---- I 
are known, it is possible 
to compute the ratio Tlpr. 0.5 --------- 
J1 ---- 
IL 
--- ý',,, =25deg 
(ý,, =35deg 
In Section 6.1.4 it was ý', 11=45deg 
seen that the factors 
rf T' -1 -T 
ý-F-T, 
-F-TJ 
0.5 1 1.5 2 2.5 3 3.5 4 
affecting the arching 
Void width D (m) 
Figure 6.35: Relationship between T, p, and r behaviour in the fill are for circular voids o different diameters as ýf 
the void size and shape O'f, varies fil 
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and the angle of shearing 2.5 -7 -----------I------I------I------ 
resistance in the fill. The 
effects of these factors on 21L----ILIL 
the calculation of the 
tension generated in the 1.5 L-----L----- 
geosynthetic therefore 
need to be considered. 1----- LI ----------- 
IL 
----- 
IL 
------ III 
Figure 6.35 shows the 
values of 2TIpr calculated -----L-----L Y,, =25deg 
ý', 11=35d ý eg from the analyses of I 1ý G-&-ý 0', 11=45deg 
circular voids of different [ --F---F- --+-- 1 
sizes when 0' 11 is varied, 
0.4 0.8 1.2 1.6 2 2.4 fi Void width D (m) 
and the other material Figure 6.36: Relationship between T, p, and r 
properties are as given in for infinitely long voids of different widths as 
0' varies Table 5.1. The values of fill 
T, p and r are taken from the results of the parametric study. If equation (6.16a) 
is correct, the value of the ratio should be 1.0 in all cases. It can be seen that 
27ý>pr in all cases, so although this relationship does not necessarily describe 
accurately the results of the finite element analysis, at least it is conservative. 
Similarly Figure 6.36 compares the tension T in the geosynthetic, taken from the 
finite element analyses of infinitely long voids, with the value of pr, where both 
p and r are obtained from the same analyses. The relationship given in equation 
(6.16b) is seen to be conservative, since T>pr in all cases. 
The final point to consider at this stage is the effect of varying J on the 
conservativeness of equations (6.16). Figure 6.37 shows the values of Tlpr for 
infinitely long voids of different widths. The behaviour as J varies is erratic, with 
T being significantly overpredicted by the value of pr when J is low for smaller 
voids, but this effect is then reduced as the void size increases. When the void is 
very small and the stiffness of the geosynthetic is high, there are some cases 
shown in Figure 6.37 in which the value of Tlpr is close to unity. These occur for 
the smallest void size shown when the tensile modulus of the geosynthetic is in 
excess of 25kN/m. The value of Tlpr is between 1.0 and 1.2 in all of these cases. 
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In such cases there is little 
need for concern if the 
prediction of T is not 
overly conservative since 
T will be small and is 
highly unlikely to exceed 
the ultimate tensile 
capacity of a stiff 
material. The important 
point to note is that Tlpr is 
greater than unity in all 
cases, so the relationship 
given in equation (6.16b) 
may be considered to be 
conservative. 
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Figure 6.3 7. Relationship between T, p, and r 
for infinitely long voids of different widths as J 
varies 
6.2.4 Assessing the maximum deflection of the geosynthetic 
In Sections 6.2.1 to 6.2.3, the presented results have been obtained by taking the 
value of d, the maximum geosynthetic deflection, to be that computed using 
finite element analysis, and using this value to compute c and T using equations 
(6.13), (6.14) and (6.16). This was necessary to ascertain which of the 
assumptions regarding the shape of the deformed geosynthetic is more 
appropriate, and to assess the accuracy and validity of the theoretical 
relationships between d, c and T. However for the purpose of design, this value is 
unknown, and either this value or the maximum strain to which the geosynthetic 
is subjected, as well as the maximum tensile force that must be sustained by the 
geosynthetic, must be found as part of the design process, to allow the selection 
of a suitable geosynthetic reinforcement material. 
In order to use all three of the existing design methods, it is necessary to know 
the strain in the geosynthetic or its maximum deflection d in order to compute the 
tension in the reinforcement. None of the design methods make any explicit 
allowance for the value of the tensile modulus J, yet in Section 5.8.1 the results 
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demonstrate that the deflection of the geosynthetic, and therefore the strain, and 
the tension developed in the reinforcement could vary significantly as a 
consequence of the geosynthetic stiffness being altered. In all of the existing 
design methods however, the stiffness of the reinforcement is not incorporated in 
any way and therefore these effects are not directly accounted for. It is however 
important that these effects can be reproduced by the design method of choice. 
As a consequence of the results presented in Sections 6.2.1 and 6.2.2 it has been 
concluded that the design method proposed by Giroud et al (1990) is the most 
appropriate for designing the geosynthetic reinforcement. Both T and C depend 
on r (or f2), which is a function of the deflection d. Because of the 
interdependence of the parameters, the designer must make some assumption 
about the value of one of the variables. It seems most likely that an acceptable 
strain level will be defined, and used to find d and T, using equations (6.14) and 
(6.16), but this may not necessarily be the case. 
The relationship between 12 and c, 
given by equation (6.14) for those 
cases where dlD<0.5, is shown in 
Figure 6.38. It can be seen that (2, and 
therefore T (by virtue of equation 
(6.16)) increases as the strain level 
reduces. This effect is particularly 
acute when the strain is very small, 
and becomes a lot less significant at 
higher strain levels. This behaviour 
broadly corresponds with the 
observations made in Section 5.8.1 
concerning the geosynthetic response 
to changes in geosynthetic stiffness. 
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Figure 6.38: Relationship between 
0 and e when dID: 50.5, (after 
Giroud et al, 1990) 
The designer may assess the changes in geosynthetic tensile loads and 
deflections due to changing the stiffness of the geosynthetic by altering the strain 
level in this way. 
237 
To ensure that the geosynthetic will deform by the amount predicted using the 
existing design methods, it is necessary for the selected geosynthetic material to 
exhibit a stress-strain response compatible with the predicted behaviour. For the 
purposes of this parametric study, the geosynthetic is assumed to behave in an 
elasto-plastic manner. This assumption is deemed to be appropriate on the basis 
of the tensile load testing undertaken on samples of reinforcement material, as 
described in Appendix B. Consequently where the tensile force T developed in 
the reinforcement is less than T,,,, the stiffness of the geosynthetic may be 
obtained from: 
T=A (6.17) 
Therefore if an elastic or elasto-plastic model is appropriate to represent the 
stress-strain response of the geosynthetic, the stiffness of the reinforcement can 
be evaluated from the values of T and c generated using Giroud's equations. 
6.2.5 Summary of findings 
The results of the finite element analysis undertaken during the course of the 
parametric study clearly indicate that the deformation of the geosynthetic in a 
reinforced fill load transfer platforrn is better modelled as a circular arc than as a 
parabolic curve. The strain and the tensile force in the geosynthetic may be 
computed using this geometry, and are given by equations (6.14) and (6.16). This 
approach is consistent with Giroud's design method (Giroud et al, 1990). 
The relationships between the tension in the geosynthetic and the radius of the 
circle describing the arc of the deformed geosynthetic are seen to be 
conservative, when compared with the results of the finite element analysis. 
Although Giroud's method does not explicitly involve the tensile modulus of the 
reinforcement as a design variable, there is scope for reproducing the response of 
the geosynthetic to alterations in J by changing the design requirements. Neither 
the British Standard nor the RAFAEL design methods incorporate J as a design 
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variable, and so at least Giroud's method is no worse in this regard than the other 
possible approaches. 
6.3 Shape of zone of subsidence 
Having established in Section 6.1 that any arching behaviour in the fill material 
is of the form described by Terzaghi (1943), the boundaries of the subsiding soil 
mass may be considered to form the shear surfaces along which the supporting 
frictional resistance develops in accordance with Terzaghi's formulation. In the 
original formulation described in Section 2.8.1, Terzaghi assumed that the shear 
surfaces are vertical. This assumption is therefore inherent in the design methods 
advocated by Giroud et al (1990) and the RAFAEL approach (Blivet et al, 2002). 
The British Standard BS8006: 1995 however suggests that the subsiding soil mass 
takes the form of a ftinnel, with the 
edges of the funnel inclined at an angle 
of draw 0 to the horizontal, as 
illustrated in Figure 6.39. If 
BS8006: 1995 is correct, then 
Terzaghi's equation will need to be 
modified since the normal stress acting 
across this shear surface will not be the 
horizontal stress uh=Ku,, and the length 
of the shear surface is longer than in the 
vertical case. 
Giroud. or 
Fill 
RAFAEL 
"ýS8006: 
1995 
Geosynthetic 
Foundation soil 
Uýdý i0 
Figure 6.39: Sketch of subsidence 
zones assumed in the different 
design methods 
As in Section 6.1.4, certain factors have been identified as having an influence on 
the behaviour of a geosynthetic reinforced load transfer platform above a void, 
namely the angle of shearing resistance in the fill, the angle of dilation in the fill, 
and the tensile modulus of the geosynthetic. The influence of each of these 
variables on the nature of the shear surfaces is considered separately in the 
following sections. Any effects due to varying the fill height H or void size D are 
considered for each of these variables. 
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The position of the shear surfaces can be assessed by considering the 
accumulated displacements within the fill mass. Above the void there will be 
significant downward movement of the falling column of fill. The soil masses on 
either side are stationary, and the shear surfaces are the boundaries between those 
portions of the soil mass moving by some significant amount and those that are 
not moving at all. 
6.3.1 Influence of fill material properties 
6.3.1.1 Angle ofshearing resistance 0' 
The British Standard BS8006: 1995 suggest that if no better information is 
available, then the angle of draw 0 may be made equal to the angle of shearing 
resistance in the fill. Therefore if the shear surfaces defining the subsiding soil 
mass are inclined, their inclination might well depend on the value of O'fill. 
Figure 6.40 shows the accumulated displacement vectors above a 2m wide, 
infinitely long void, for three different values of O'. fill. 
.......................... 
I till I III II 
.......... 
(a) O', fill-25' (b) O'. fill-35' (c) O'fiii--45' 
Figure 6.40: Vectors of accumulated displacements above 2. Om wide, infinitely 
long, voids when O'f, 11 varies 
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The largest movements are confined to the lowest part of the fill layer 
immediately above the void in all cases. As O'fiii increases, the vertical extent of 
this moving fill reduces, as the arching behaviour improves as described in 
Section 5.7.3. For the current purpose it is of more interest to observe that in all 
three cases, there is very little movement in the fill that is not directly above the 
void. If the British Standard's approach is correct, then the zone of falling soil 
would extend furthest laterally in the case where Oýfyj =250. This is clearly not the 
case. The results of the analysis of circular voids, and voids of all sizes, 
demonstrate similarly constrained behaviour. Although some movement may be 
observed at a small distance beyond the width of the void, the subsiding fill 
forms a near vertical column in all cases. 
It may therefore be concluded that the falling column of fill is vertical, in 
accordance with the Giroud and RAFAEL design methods, for all values of O'fill. 
6.3.1.2 Angle of dilation v 
None of the existing design methods consider the angle of dilation, and in 
Section 6.2.3.3.2 it was concluded that dilatancy should be ignored when 
considering the arching behaviour of the soil, since at large strains its 
strengthening effects are eradicated. 
Nonetheless, the shape of the subsidence zone has still been checked. The 
accumulated displacement vectors, of the type seen in Figure 6.40, show no 
discernible difference in the pattern of subsiding soil as v is varied. The shear 
surfaces may therefore still be considered to be near vertical. 
6.3.2 Influence of geosynthetic material properties 
The tensile modulus of the geosynthetic has been identified in Section 5.8.1 as 
having an influence on the arching behaviour of a geosynthetic reinforced fill 
layer above a void. Again, the influence of J on the arching behaviour of the fill 
has been shown to be negligible in Section 6.2.3.4. The accumulated 
displacement vectors also indicate that the subsiding fill forms a vertical column 
above the void, for all void shapes and sizes, regardless of the value of J. 
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6.3.3 Summary of findings 
The results of the finite element analysis indicate that in all cases, the moving fill 
material above the void is mainly restricted to the vertical column of material 
directly above the void. The shear surfaces on either side may be considered to 
be vertical, and to propagate directly upwards from the comer of the void. These 
results contradict the approach advocated by the British Standard and support the 
assumptions of Giroud's design method and the RAFAEL design method. 
Terzaghi's arching equation may therefore be applied in its original form. 
6.4 Surface settlements 
The primary purpose of constructing a geosynthetic reinforced fill load transfer 
platform is to reduce the disturbance at the surface that would otherwise arise 
from complete collapse of any overlying material into the void. Limiting the 
surface settlements to an acceptable level is necessary to prevent excessive 
damage to any structure or infrastructure built on terrain where voids might form. 
Estimating the likely surface settlements when a void forms beneath the load 
transfer platform is therefore a critical part of the design process. Only two of the 
three current design methods consider the likely surface settlements, and they 
adopt very different approaches. These are described first, and the predictions 
made using these approaches are compared with the results of the finite element 
analyses performed for the parametric study. The results of the finite element 
analyses are then reviewed in relation to the surface settlements seen above 
advancing tunnels in an attempt to refine and improve the existing guidance. 
6.4.1 Existing guidance 
Of the three design methods found in the literature, Giroud's method does not 
consider the likely surface settlements at all, and the British Standard and 
RAFAEL methods have very different approaches, which are summarised below, 
before being compared with the results of the finite element analyses. 
6.4. LI British Standard BS8006: 1995 
The geometry of the problem considered in the British Standard is illustrated in 
Figure 2.12, and the key features from the point of view of determining the 
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surface settlement profile are 
summarised in Figure 6.41. The D, 12 
principal assumptions are that the 
dj 
subsiding soil forrns a funnel-like H 
shape, defined by the angle of 
draw 0 (assumed to be equal to 
i D12 
O'fin in the absence of better 
d infonTiation). As a consequence of 
this assumption, D, and D are 
S It 
related by equation (2.4). The Figure 6.41: Sketch of geometrical 
British Standard assumes that the assumptions relating to the surface 
fill does not dilate during 
settlementprofile according to 
BS8006: 1995 
shearing, so that the volume of 
displaced fill at the ground surface is the same as the displaced volume of fill at 
the level of the reinforcement. It is possible to determine this volume for both 
infinitely long and circular voids using equations (2.3a) and (2.3b). The 
distribution of the surface settlements is assumed to also follow a parabola, and 
so if one of either the shape of the deformed geosynthetic is known, or the 
pattern of surface settlements, then it is possible to predict the other. 
6.4.1.2 RAFAEL design method 
In contrast, the RAFAEL design 
method assumes that the fill does 
dilate during shearing. It also 
assumes that the shearing occurs 
along vertical planes and that the 
surface settlement trough is 
therefore of the same width as the 
void, i. e. Ds=D. This is illustrated 
in the sketch in Figure 6.42. The 
value of the surface settlement ds 
is therefore related only to d, by 
equation (2.15). Blivet et al 
I- 
dl 
TV2=D12 
I 
Figure 6.42: Sketch ofgeometrical 
assumptions relating to the surface 
settlement profile according to RAFAEL 
(Blivet et al, 2002) 
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(2002) suggest that the value of the expansion coefficient C, in equation (2.15) 
may be assumed to be equal to 1.15 for all fill materials. Again, the surface 
settlements are assumed to follow a parabola, so that if either the surface 
settlement profile or the shape of the deformed membrane is known then the 
shape of the other may be derived. It must be remembered that the RAFAEL 
design method considers only circular voids, and cannot be applied to those cases 
where the void is infinitely long. 
6.4.1.3 Comparison of design surface settlement profiles with the results of the 
finite element analysis 
For a number of cases the surface settlement profiles predicted from the finite 
element analysis have been compared with those predicted using both the British 
Standard and the RAFAEL design method, to see which is most realistic. In 
order to do this, the maximum deflection of the geosynthetic d for a void of a 
given size D has been taken from the finite element analysis and used in the 
appropriate relationships described in sections 6.4.1.1 and 6.4.1.2 to find d, and 
D,. Once these values are known, the co-ordinates of the surface settlement 
profiles are determined from the relationship: 
2 
x 
D, 
2 
Where x is measured from the centreline of the problem and y from the initial 
position of the ground surface. 
The RAFAEL method is derived for and can only be applied to circular voids. 
The surface settlement troughs above a 2m diameter circular void that have been 
computed using ICFEP, the British Standard and the RAFAEL methodology are 
presented in Figure 6.43. In this case the fill layer is 4m thick and the material 
properties are as given in Table 5.1. It can be seen that neither of the design 
methods come close to accurately reproducing the settlement trough predicted 
using finite element analysis. 
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0.8 ----------------------------- The RAFAEL approach X ICFEP results !ý 
0.7 -L --- -J ---- BS8006: 1995 I predicts a substantial RAFAEL method : 
0.6 -j ---- -L ---- L ---- amount of heave at the 
0.5 -, L ---- L ---- ground surface, which is 
75 0.4 -Ji ---- unrealistic. This is 
i ---- I---- J- -1 ---- F= 0.3 because of the 
CO -a 0.2 +L --- -J ---- relationship between H 
_0 - It IIIIII 0.1 and d given in equation 
>0 (2.15) and the assumption 
-0.1 - --- ---- that the volume expansion 
-0.2 coefficient is 1.15 for all 
01234567 fills. It has already been Horizontal distance from centreline x (m) 
Figure 6.43: Comparison of surface settlement noted 
in Section 2.6.4.4 
troughs above a 2m diameter circular void that if H>1.67d then the 
when predicted using ICFEP and current RAFAEL method will design guidance 
predict heave. Given that 
d is usually small relative to the thickness of the fill layer, this condition means 
that more often than not, heave is predicted using the RAFAEL method. It is also 
noted that the width of the settlement trough D, =D=2m in this case, is 
significantly narrower than the trough resulting from the finite element analyses, 
in which the surface settlement trough is approximately 4m in diameter. When 
other void sizes are considered this design method is still likely to underpredict 
the width of the trough, and predict heave rather than settlement above the void. 
Secondly, the British Standard prediction is considered. In this case D, =13.4m 
according to BS8006: 1995, whereas the ICFEP results suggest that D, is closer to 
4m, and the maximum surface settlement d, predicted using ICFEP is 0.2m, 
substantially more than the d, ýO. Olm predicted using the British Standard. This 
result is alarming, since the settlement profile predicted using the British 
Standard is much wider and shallower than the finite element analysis would 
suggest and this would lead to an underestimate of damage to any structure at the 
surface. This is seen for voids of all shapes and sizes, and is not conservative. In 
practice, the British Standard is more likely to be used in the opposite manner to 
that employed here, with the ratio dID, likely to be an input parameter used to 
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determine the necessary properties of the reinforcement, and if this is the case 
then this issue does not arise. However there is nothing in the British Standard to 
insist that the design method should only be used in this manner, and this would 
seem to be a very necessary statement to include. 
As a consequence of the results of this exercise, a typical example of which is 
shown in Figure 6.43, it is concluded that neither the British Standard 
BS8006: 1995 nor the RAFAEL design method are capable of predicting 
accurately the surface settlements, and that a different approach is needed. 
6.4.2 The 'error curve' method for settlements 
Peck (1969) observed that "a cross section through the settlement trough over a 
single tunnel can usually be represented within reasonable limits by the error 
function or normal probability curve". This curve is given by: 
,2 
2i2 (6.19) 
Where: y= vertical settlement of a point at distance x from the vertical 
plane containing the tunnel axis 
y,,,,, ý vertical settlement of the point directly above the tunnel axis 
i= horizontal distance to point of inflection 
A sketch of this curve and the geometry to which it relates are shown in Figure 
6.44. Although there is no theoretical justification for this approach, Peck (1969) 
demonstrated the relationship to be suitable to describe the surface settlements 
recorded for a number of case histories. Over the years other researchers have 
demonstrated the approach to be applicable to additional field measurements, e. g. 
Attewell & Woodman (1982), further reinforcing the validity of this approach, 
although Attewell & Woodman (1982) do note that in the majority of cases, the 
field data comes from sites with cohesive soils, so the suitability of describing 
the surface settlements in granular materials by these means is less well 
established. In the case of an advancing tunnel, the assumption of plane strain 
conditions is implicit. 
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It seems reasonable that this vertical axis or centreline 
A 
Y kind of approach might be 
-3i -2i _i 2i 3i 
applicable to the situation of a -1 ...................... ...................... ................ ; ................. .............. ..................... ... 
X 
reinforced fill load transfer 
Y.: 
platform. The geometry of the point of 
problem is very similar to that Z inflection 
shown in Figure 6.44, although 
tunnel face 
in the tunnelling scenario the 
cross-sectional shape and ------------------ ---- - ------ --- 
horizontal axis 
volume of the tunnel is known, 
and this is not so for a void 
forming beneath a reinforced D 
fill layer. Also, in the case of a Figure 6.44: Sketch of a tunnelface and 
void below a reinforced fill load the corresponding surface settlement 
transfer platform, there is no 
trough represented by the error curve 
horizontal axis and therefore Z is not known, so the fill thickness H (i. e. the 
distance from the original ground surface to the top of the void) must be used 
instead, which may lead to some adjustment of any existing equations. Generally 
the voids under consideration in this study will be much shallower than the 
tunnels considered by Peck (1969). The maximum settlement y,,,,, above the 
centreline of the void is equal to d, The surface settlement troughs above circular 
voids follow a similar pattern, and therefore it should be possible to apply Peck's 
approach in this situation as well as in the case of infinitely long voids. In order 
to do so, it is necessary to establish relationships that allow y,,,,,, and i to be 
determined. These parameters may then be used in equation (6.19) to determine 
the distribution of the surface settlements. 
The results presented in Chapter 5 indicate that the behaviour of a geosynthetic 
reinforced fill load transfer platform is affected by the geometry of the void and 
the fill layer, and also by certain material parameters, namely the angle of 
internal shearing resistance and the angle of dilation in the fill, and the tensile 
modulus of the geosynthetic. The influence of these factors on the width and 
depth of the settlement trough is assessed in the following sections. 
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6.4.3 Width of surface settlement trough 
Empirical relationships exist in the literature to find i for a tunnel of a given 
geometry in a given material. These relationships are applied to a load transfer 
platform, and the results are compared with those obtained from the finite 
element analysis to assess their suitability in this section. Because the empirical 
relationships have been derived for the case of an advancing tunnel, they are only 
applicable to cases where the void is infinitely long. For those cases where the 
void is circular, a new relationship should be derived. 
According to Peck's approach (Peck, 1969), the width of the settlement trough 
may be described by the value of the parameter i. Because the settlements follow 
a normal Gaussian distribution, Gunn (1993) observes that when x>3i, 
y<0.0l2y,,,,,, and that the settlements may be disregarded beyond this point. Due 
to the symmetrical nature of the settlement trough, as seen in Figure 6.44, this 
means that the width of the settlement trough D, is given as follows: 
D, =6i (6.20) 
It is therefore necessary to find a means of evaluating i from the results of the 
parametric study. Infinitely long voids and circular voids are considered 
separately in the following sections. 
6.4.3.1 Infinitely long voids 
Peck (1969) produced the plot shown in Figure 6.45 relating the width of the 
settlement trough, represented by 2ilD, and the dimensionless depth of the 
tunnel, ZID, for a number of case histories, and plotted trendlines for the different 
material types considered. Apart from the flooding analysis, the results of which 
are not considered here, the parametric study assumed that the fill was composed 
of a dry granular material. Consequently, the trendline for rocks, hard clays and 
sands above groundwater level is the most appropriate for this study. When the 
data from Figure 6.45 is plotted on a log-log scale, it is found that the 
relationship between i, Z and D for this trendline is of the following form: 
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12 
R 
a 
N 
()L 0 
2i/D 
( 2i) 
= 0.6(-Z 
) 0" 
(6.21) 
DD 
Alternatively, Atkinson & Potts (1977) 
suggest the following relationship for 
subsidence in sands above tunnels where no 
surface surcharges are applied: 
i=0.25(H + D) (6.22) 
Figure 6.45: Relationship 
between width of settlement In order to assess the suitability of different 
trough depth of tunnel, for 
values of i, the predicted surface settlement different tunnels in different 
materials (after Peck, 1969) profiles (which have been calculated using 
y,,,,, =d,, taken from the finite element 
analyses in the parametric study) have been generated using equation (6.19), and 
compared with the output of the finite element analyses. A typical example of the 
results, when the material properties are as given in Table 5.1, is shown in Figure 
6.46. 
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It can be seen from Figure 6.46 that the relationship derived from Peck (1969) 
produces settlement troughs that are too narrow, and this is found to be true in all 
of the cases considered. This is thought to be due to the discrepancy between Z 
and H. The difference between the two is significant compared to the size of the 
void in those cases considered in this study. The relationship proposed by 
Atkinson & Potts (1977) generates troughs which are consistently wider than 
those predicted by the finite element analyses. In order to produce a more 
accurate predicted surface settlement profile in Figure 6.46, the following 
relationship is used: 
i 
-0.15 
H 
+0.35 DD 
(6.23) 
Equation (6.23) has been 1 2- ------------------------------ . 
d i d i i ll f A, er ve emp r ca y rom 
the results of the finite 1 ------ LLL ------ L 
element analyses of A - - - 
0.8 - infinitely long voids of 
L----- ----- L ------L----- III 
different widths, beneath 90.6 L L----- L L ------ 
fill layers of different 
I I I I 
I A 
thicknesses, where all 0.4 L-LLL1 
material parameters have 
been kept at the basic case 0.2 ----- 
IL 
-----AAA 
D=0.8m 
D=1.4m I 
values given in Table 5 1 
D=2. Om 
. . (VD)=0.15(H/D)+0.35 I 
The correlation between iIIIIII 0 12345 
the ratios ilD and HID is 
H/D 
shown in Figure 6.47. Figure 6.4 7. Relationship between LID and HID 
observedfrom the results of thefinite element There is little scatter in analyses of infinitely long voids of different 
the data, as indicated by widths beneath fill layers of different 
the high R2 value, so 
thicknesses 
equation (6.23) may be considered to be accurate for this set of material 
parameters when the dimensions of the reinforced fill load transfer platforin and 
the void are altered. 
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The applicability of equation (6.23) to infinitely long voids of different sizes is 
illustrated in Figure 6.48, which compares the troughs predicted using the value 
of i given by equation (6.23) and y,,,,,, =d, from the numerical analysis in equation 
(6.19) with the results of the finite element analysis. 
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Figure 6.48: Comparison ofpredicted surface settlement profile widths with 
the results of thefinite element analysis of infinitely long voids of different 
sizes beneath a 4m thickfill layer 
From Figure 6.48 it can be seen for the widest void size considered that the 
settlements are overpredicted at some locations but the width of the trough is 
well-matched using this approach. The maximum slope of the edges of the 
settlement trough also appears to be similar when the results of the finite element 
analysis and the predictions made using equations (6.19) and (6.23) are 
compared. Since the gradient of this slope is likely to be crucial to determining 
the likely damage to any structure that might be present at the ground surface, 
this is an important consideration in determining an appropriate value for i. 
Lastly, the effects of varying the thickness of the fill layer, H, are considered. 
Figure 6.49 compares the surface settlement trough above a 1.4m wide infinitely 
long void when the thickness of the fill is varied when they are computed using 
ICFEP and using equations (6.19) and (6.23). Again, d, is taken from the results 
of the finite element analysis. The results in Figure 6.49 indicate that equation 
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(6.23) is capable of predicting the trough widths found from the numerical 
analysis as H is varied with a reasonable degree of accuracy. For lower values of 
H the settlements may be slightly overpredicted at some locations, but the width 
of the trough is well-matched, and the slope of the sides of the trough is 
reasonable. 
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Figure 6.49: Comparison ofpredicted surface settlement profile widths with 
the results of thefinite element analysis of 1.4m wide, infinitely long, voids 
beneath fill layers of different thicknesses 
The results presented in Figures 6.48 and 6.49 indicate that, for this set of 
material parameters, equation (6.23) can accurately match the width of the trough 
above infinitely long voids as both the void width and fill thickness are varied. In 
addition, the slope of the sides of the trough also appears to correlate well with 
the results of the finite element analysis. 
6.4.3.2 Circular voids 
The "error curve" method of estimating surface settlements has been developed 
for the purpose of evaluating the pattern of greenfield settlements above an 
advancing tunnel. Plane strain conditions are therefore applicable. Although 
there is no precedent for using a similar approach when considering 
axisymmetric conditions, since there is no theoretical basis for the plane strain 
case there ought to be no impediment when the conditions are altered. However 
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there is no case history 
data available in the 
literature from which to 
postulate possible 
relationships to find the 
parameter i, and therefore 
an empirical approach has 
had to be adopted. As in 
the case of an infinitely 
long void, it is possible to 
obtain a relationship 
between the ratio ilD and 
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HID, which is shown in Figure 6.50: Relationship between 11D and HID 
Figure 6.50. Again, these observedfrom the results of thefinite element 
results have been obtained analyses of 
circular voids of different diameters 
beneath fill layers of different thicknesses 
from the results of the 
finite element analysis of voids of different diameters beneath fill layers of 
different thicknesses, where the material properties have been kept constant at 
the values given in Table 5. I. There is a little more scatter in the data in this case 
than for infinitely long voids, but the R2 value is still very high and therefore it is 
possible to postulate the following relationship: 
i=0.05 H 
+0.3 (6.24) 
DD 
The results in Figure 6.51 have been obtained using equation (6.19), where i has 
been evaluated using equation (6.24), and y,,,,, has been taken from the results of 
the finite element analysis as previously. It can be seen that the predicted results 
are an extremely good match for the results of the finite element analysis using 
this approach. The settlements predicted in this way match those predicted using 
finite element analysis at all locations along the settlement trough. This justifies 
the application of the "error curve" function to axisymmetric situations, and the 
suitability of equation (6.24) for this particular set of material parameters. 
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Figure 6.51: Comparison ofpredicted surface settlement profile widths with 
the results of thefinite element analysis of circular voids of different sizes 
beneath a 4m thickfill layer 
To demonstrate that equation (6.24) also accurately predicts the surface 
settlement pattern when the fill thickness H is varied, Figure 6.52 compares the 
settlement troughs predicted using equations (6.24) and (6.19) with those 
predicted using ICFEP. Again, the value of y,,,,, =d, from the finite element 
analysis. The results are almost identical. 
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Figure 6.52: Comparison ofpredicted surface settlement profile widths with 
the results of thefinite element analysis of 1.4m diameter, circular, voids 
beneath fill layers of different thicknesses 
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It is evident from Figures 6.51 and 6.52 that the relationship given by equation 
(6.24) provides a very good prediction of the width of the settlement trough 
above circular voids as the size of the void and thickness of the fill layer above it 
are altered. 
6.4.3.3 Material parameters 
For the purpose of predicting the width of a settlement trough above infinitely 
long and circular voids, equations (6.23) and (6.24) respectively have been 
shown to work well for the basic case material parameters given in Table 5.1. 
These equations account for changes in the geometry of the void and the 
overlying fill layer, but are independent of the material properties. The results of 
the analysis presented in Chapter 5 indicate that some adjustment is necessary to 
account for certain variables. The influence of the angle of shearing resistance 
and the angle of dilation in the fill material, and the tensile modulus of the 
geosynthetic must be considered. 
6.4.3.3.1 Angle of shearing resistance 0' 
In Section 5.7.3 it was observed that increasing the angle of shearing resistance 
in the fill material has the effect of reducing the width of the surface settlement 
trough, for both infinitely long and circular voids. This is thought to be due to the 
change in lateral load shedding behaviour, which is observed to extend further 
laterally into the fill layer for lower values of O'fill, and is seen to have 
implications for the corresponding depth of the settlement trough. 
If the value of i predicted using equation (6.23) or (6.24), obtained for a value of 
O'fill=35', is denoted 65, then it is proposed that the value of io, for other values of 
O'fill, may be obtained from i35 as follows: 
"35 sin35 (6.25) 
sin 0 
The values of ilD predicted using equation (6.25) are compared with the results 
of the finite element analysis of infinitely long voids of different sizes beneath a 
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4m thick fill layer as O'fil, 1.6 
varies, when all other 1.4 
material parameters are as 1.2 
given in Table 5.1. When 
0' 11 is either 35' or 45', it 
can be seen that there is Q---- 0.8 L L--- LI 
good agreement between I 
ý 
I II I 6--------------- O 
the predicted values of ilD 
+++ ý',, =25deg, ICFEP results + , ý25deg, 16FEP results ý 
and those obtained from 
, pr ý',, =25deg, predicted 4 ý =25de ei ýted 0.4 
11 
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Figure 6.53: Relationship between ilD and 
consistently higher than HID observedfrom the results of thefinite 
those obtained from the element analyses of infinitely long voids of 
different sizes beneath a 4m thickfill layer as finite element analysis. O'j, varies fil 
The discrepancy is 
reasonably small however, and when circular voids are considered it is not 
always the case that ilD is overpredicted when O'fiil=25', although again the 
predictions made using equation (6.25) are seen to be a better match for the 
ICFEP results when O'fill is 35' or 45'. Equation (6.25) is consequently deemed to 
be a reasonable means of evaluating the changes in trough width as O'. fy, varies. 
A comparison of the settlement troughs predicted from the finite element 
analyses and those predicted using this equation (and y,,,, =d, from the ICFEP 
analysis), is shown in Figure 6.54 for a circular void of 1.4m diameter as O'fill 
varies, as it is necessary to ensure that the full shape of the trough is appropriate. 
It is evident from Figure 6.54 that in this case the predictions made using 
equation (6.25) are very good. In some other cases there are slightly greater 
discrepancies, nonetheless in general the agreement between the finite element 
analysis results and the predicted trough widths is reasonable. 
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Figure 6.54: Comparison ofpredicted surface settlement profile widths with 
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Figure 6.55: Variation of trough width 
parameter i due to changing void width D for a 
4m thickfill layer above infinitely long voids 
when v varies 
depth as the angle of 
dilation in the fill material 
increases, there is no clear 
trend with regard to the 
width of the trough. This 
is illustrated in Figure 
6.55, which shows values 
of i observed from the 
finite element analyses of 
infinitely long voids of 
different widths. The 
2 results presented in Figure 
6.55 are derived from 
considering the surface 
settlement profiles above 
infinitely long voids of 
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different widths beneath a 4m thick fill layer, with the basic case material 
properties as given in Table 5.1, apart from the angle of dilation in the fill 
material which is varied. It should be noted that for high values of v, the amount 
of settlement seen at the surface is negligible (as shown in Figure 5.20) and in 
such cases there is no need to determine a trough width. No clear trend can be 
detected in Figure 6.55, and therefore although there are significant discrepancies 
between the observed trough widths for a given void width, it is not suggested 
that any modification be made to equation (6.23) to account for changes in the 
dilation behaviour of the fill, since it is not clear what the effects of this 
modification should be. The results of equation (6.23) predict the results seen 
when v-0, which is deemed to be reasonably representative, particularly when it 
is remembered that the surface settlements are negligible when v>-26'. The same 
is found to be true for circular voids, in which case it is suggested that equation 
(6.24) remains valid for all values of v. 
64.3.3.3 TensilemodulusJ 
Again, the tensile stiffness of the geosynthetic has been seen to have a significant 
effect on the depth of the surface settlement trough. The results of the finite 
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Figure 6.56: Variation of trough width parameter 
i due to changing void width Dfor a 4m thickfill 
layer above circular voids when J varies 
element analysis indicate 
that the width of the 
trough is completely 
unaffected. This is seen 
in Figure 6.56, which 
compares the observed 
trough width parameters 
above circular voids of 
different diameters as J 
varies. These analyses 
assume that the fill layer 
is 4m thick, and with the 
exception of the tensile 
modulus J the material 
parameters are as given 
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in Table 5.1. The available data is limited since it is not possible to obtain 
numerical convergence for these void sizes at lower values of J in the finite 
element analysis. But for those cases where convergence could be obtained, 
exactly the same trough width parameter i is observed for a void of a given size, 
regardless of the value of the tensile modulus J, and therefore equations (6.23) 
and (6.24) may be applied to find i for infinitely long and circular voids 
respectively. 
6.4.4 Maximum depth of surface settlement trough 
As noted previously, the maximum surface settlement ym,,, in equation (6.19) is 
equal to d, in the parametric study. In Section 6.4.3 it was necessary to take ym,, 
directly from the results of the finite element analysis, so as to facilitate the 
assessment of the width of the settlement trough. It is now necessary to find 
some means of estimating d,. 
A closed form solution exists for finding the volume of displaced fill at the 
ground surface, V, for plane strain conditions, that depends only on the value of 
d, and i, as follows (Gunn, 1993): 
V= V-2-zy.. i (6.26) s 
If the fill experiences zero dilation during shearing then the volume of displaced 
fill at the ground surface is equal to the volume of displaced fill at the level of the 
reinforcement, which may be computed if the deformed shape of the 
geosynthetic and its maximum deflection are known. If V, is calculated in this 
way and i is evaluated according to the relationships cited in Section 6.4.3, then 
d, =y,,,,, may be found from equation (6.26). The possibility of deriving d, in this 
manner has been considered, and found to be unsatisfactory. As illustrated in 
Figure 6.48, in some cases (particularly for larger void widths) the exact 
distribution of the surface settlements is not perfectly matched using the 'error 
curve' method, with the settlements being overpredicted at some locations. 
Because of this, the 'error curve' approach tends to underestimate the maximum 
surface settlement observed in the finite element analysis, which is not 
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conservative from a design perspective. In addition, there are significant 
limitations associated with adopting this approach. The closed form solution for 
the displaced volume of fill at the ground surface exists only for the case of an 
infinitely long void. Where the fill dilates during shearing, it is necessary to find 
some means of evaluating the volumetric expansion of the fill material so that the 
displaced volume of fill at the ground surface may be computed. 
As a consequence of these limitations and inaccuracies, it is thought better to 
adopt an empirical approach to evaluating d, on the basis of the results of the 
finite element analysis. The results relating to infinitely long and circular voids 
are considered separately in the following sections. In addition the consequences 
of varying the angle of shearing resistance and dilation in the fill material, and 
the tensile modulus of the geosynthetic are also considered. 
6.4.4.1 Infinitely long voids 
Figure 6.57 plots the ratio d1ds against HID, for the analyses of infinitely long 
voids of different widths 
beneath reinforced fill 
4.5 ------------------------------ 
layers of different 41! 
L-----I------IL-----IL----- 
thicknesses. The material 3.5 ----------------------------- 
parameters in all of the 3------IL-----ILI L- 
IL----- 
cases presented are as 
2.5 FF 
given in Table 5.1. It can 
be seen that the data plots 
2 
-- 
----- 
as a straight line, with 
1.5 ------L --L -----L-----LI 
very little scatter. 1 ------ I ------ I ------ I ------ A D=0.8m 
Therefore for given values 
* D=1.4m 0.5 -------------00 D=2. Om 
of H, D and d the value of 
- (d/d, )=0.7(H/D)+0.65 
- 01 1 
may be found with a 012345 H/D 
reasonable degree of Figure 6.5 7. Relationship between d, il, Hand 
accuracy, for infinitely D observedfrom the results of thefinite 
element analyses of infinitely long voids of long voids with this set of different widths beneath fill layers of different 
material parameters. From thicknesses 
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a design perspective H and D are design variables and d may be evaluated as 
described in Section 6.2.4, so this is a simple and convenient approach to finding 
d,. The equation relating d, d, Hand D in Figure 6.5 7 is given by: 
H 
. 7-+0.65 (6.27) D 
6 4.4.2 Circular voids 
A similar approach may 
be adopted to finding the 
maximum ground surface 7------------ 
settlement above a 111 6 
circular void. Figure 6.58 
shows the plot obtained 
5 L 
when the ratio d1d, is -0 4------L----------L1 
plotted against (HID)2. 3------------------------ 
This squaring of the HID 
ratio is to account for the 
2r ------ I 
I -! IIýAAA D=0.8m I 
third dimension in the I------ D=1.4rn D=2. Om 
axisymmetric analyses, as 
(d/d, )=0.23(H/DY+1.25 
0 -F f-T T -i II I- 
IiIiIIII 
--I III 
discussed in Section 5.7.4. 05 10 15 20 25 
(H/D)2 
It can be seen from Figure Figure 6.58: Relationship between d, ds, H and 
6.58 that the data lie D observedfrom the results of thefinite 
approximately along a element analyses of circular voids of 
different 
diameters beneath fill layers of different 
straight line, given by the thicknesses 
following relationship: 
0.23(H 
)2 
+1.25 (6.28) 
D 
Again, the R2 value is high suggesting that this relationship fits the data very 
well. There is a slight tendency to slightly underpredict the d1d, ratio, which is 
conservative since this means that d, will be slightly overestimated. 
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64.4.3 Material properties 
As in previous cases, the influence of certain material parameters on the 
maximum depth of the surface settlement trough must be assessed, and where 
these variables are influential the relationships given by equations (6.27) and 
(6.28) for the basic case material parameters given in Table 5.1 must be modified 
accordingly. The variables in question are the angle of shearing resistance and 
angle of dilation in the fill material, and the tensile modulus of the geosynthetic, 
which were identified in Chapter 5 as having an influence on the behaviour of a 
reinforced fill load transfer platform. 
6.4.4.3.1 Angle of shearing resistance 0' 
The variation of the depth of the surface settlement trough as the angle of 
shearing resistance in the fill is altered has been discussed in Section 5.7.4. For 
infinitely long voids, there are cases where the settlement trough becomes 
shallower as O'. fill increases, whereas for circular voids the troughs become deeper 
as O'fill increases. This apparently contradictory behaviour is thought to be due to 
the increase in the width of the settlement trough seen as O'fill increases and the 
condition that where a non-dilatant fill material is employed, the volume of 
displaced fill at the surface must be the same as that displaced at the level of the 
reinforcement. By considering simple approximations to the volume of displaced 
fill, it has been demonstrated that the depth of the settlement trough is much 
more sensitive to changes in its width when the void is circular rather than 
infinitely long. Relationships concerning the change in width of the surface 
settlement trough as O'fill varies have been established in Section 6.4.3.3.1. 
It has already been noted that a closed form solution for the volume of displaced 
fill above an 'error curve' settlement trough exists for plane strain conditions, i. e. 
when the void is infinitely long. This relationship, given in equation (6.26), 
requires the product of d, and i to be the same regardless of the angle of shearing 
resistance, since the soil will not dilate as a consequence of changing O'pl. 
Because of the relationship established in Section 6.4.3.3.1, this means that if d, 35 
is the surface settlement computed using equation (6.27), then dO, the maximum 
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surface settlement seen when angle of shearing resistance is O'fil, above an 
infinitely long void is given by: 
d, o = 
sin 0d 
35 
sin35 
(6.29) 
This closed form solution for the volume only exists when the void is infinitely 
long, but applying a similar argument in the case of the void being circular yields 
the following expression for dO above circular voids as 0', fill is varied, when d, 35 
is computed using equation (6.28): 
Figure 6.59 compares the 
results predicted using 
equations (6.28) and 
(6.30) with the maximum 
surface settlements 
obtained from the finite 
element analyses Of 
circular voids. It can be 
seen that the predicted 
results are a good match 
for the observed values 
when O'fill is 35' or 45', 
but that the predictions 
are less accurate when 
O'filyý25'. The scatter in 
the data when O'fif=25' is 
such that the straight line 
d, o - 
sin 0 d, 
35 (6.30) 
(sin35) 
25 ----------------------------- F---II 
... ý',, =25deg, ICIFIEIP results 
>(----)(--X ý',,,, =25deg, predicted 
ý',,, =35deg, ICIFIEIP results 
20 ý',,,, =35deg, predicted IL 
O',,, =45deg, ICIFIEIP results 
(4--&ý ý',, =45deg, predicted 
15 -------L-----L-----L 
10 -- -----LL-----LL 
5 -- -----LLL 
05 10 15 20 25 
(H/D)2 
Figure 6.59: Relationship between d, dO, H and 
D observedfrom the results of thefinite 
element analyses of circular void s of 
different diameters beneath a 4m thickfill layer 
as O'f, 11 varies 
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shown on Figure 6.59 is a reasonable approximation. Consequently equation 
(6.30) is deemed to be an appropriate means of deriving the maximum surface 
settlements above circular voids for different values of O'. f, 11. 
6 4.4.3.2 Angle of dilation v 
Altering the angle of dilation has the effect of changing the volume of displaced 
fill at the surface. As v increases, the volume of displaced fill becomes less. If 
the width of the settlement trough is unaffected by changes in the angle of 
dilation, as proposed in Section 6.4.3.3.2, then this change in volume must be a 
consequence of the maximum surface settlement changing. 
Considering the case of an infinitely long void first, where all material 
parameters are as given in Table 5.1 with the exception of the angle of dilation V, 
which varies, then the results in Figure 6.60 are obtained. In all cases the fill 
thickness is 4m, so each change in void size corresponds to a certain change in 
HID. Since it has already 
A D=0.8m (H/D-5.0) 
I been shown in Section D=1.4m (H/D-2.9) 
4 
D=2. Om (H/D=2.0) 
-- -----L 
6.1.4.3.2 that the 
In[(d/d, )/(H/D)]=4(v/ý)-0.2 
geosynthetic deflection d 
--I---- should be considered to 
A be independent of v, the 
2 ------- L L--- - ----- L ----- I 
values of d used to 
C compute d1d, from the 
--------- -- 
results of the finite 
0 --------- element analysis are 
the 
11 2 0. R= 94 values obtained when 
0 0.2 0.4 0.6 0.8 
-4 
Figure 6.60: Relationship between d, d, H and 
D observedfrom the results of thefinite 
element analyses of infinitely long voids of 
different widths beneath a 4m thickfill layer as 
v varies 
1, -0, in accordance with 
the suggestions made in 
Section 6.1.4.3.2. It can 
be seen from Figure 6.60 
that a near unique line 
may be obtained using the 
relationship given by 
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equation (6.3 1). Although some divergence from this relationship is seen at high 
values of vlo, the overall R2 value is still high. The value of d, is small relative to 
d in these cases and so the computation of d1d, becomes very sensitive to small 
changes in d,. 
d1d 
, 
4v 
-- --=0.8eO HID 
(6.31) 
Following a similar procedure for those cases where the void is circular yields 
the results seen in Figure 6.61. In this case, there is much more scatter in the 
6------------------ results, because the value 
D=0.8m (H/D=5.0) 
D=1.4m (H/D=2.9) of d, is often very small. 
D=2. Om (H/D=2.0) 
ln[(d/d, )/(H/D)2 ]=6.5(v/ý)-0.8 L Those cases where 
4------- d, <Imm are omitted from 
Figure 6.61, in order to 
reduce the scatter, and 
2 ------- L ----- L ---- L ----- L-----l 
because this amount of 
surface settlement is 
----- ----- 0-I 
deemed to be negligible. - - 
When this is done, there is 
very good agreement 
-2 between the data and the 
0 0.2 0.4 0.6 0.8 1 
V/ý relationship given by the 
line shown in Figure 6.61, Figure 6.61: Relationship between d, ds, H and 
D observedfrom the results of thefinite as indicated by the high 
element analyses of circular voids of different 2 value of R. This diameters beneath a 4m thickfill layer as v 
varies relationship is given by: 
6.5 v 
- d1d , = 0.45e 0 (6.32) (H / D) 2 
It must be noted that when the dilation is zero, d1d, may also be computed using 
either equation (6.28) or (6.29), depending on whether the void is infinitely long 
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or circular. The results in Figures 6.60 and 6.61 indicate that when O'f]11ý35', 
equations (6.30) and (6.31) give similar results to these equations. Should any 
discrepancy exist in other cases, it is conservative from a design perspective to 
adopt the relationship that gives the greater value of d, (or the smaller value of 
dld, ). 
6 4.4.3.3 Tensile modidus J 
Lastly, the effects of varying the tensile modulus of the geosynthetlc must be 
considered. In Section 5.8.1 it is observed that the surface settlement troughs 
become deeper as J reduces. The values of d and d, obtained for geosynthetics of 
different stiffnesses above circular voids of different diameters are compared in 
Figure 6.62. In these analyses the fill thickness is kept at 4m, and all material 
properties other than the 400 
tensile modulus are as 
given in Table 5.1. From 
350 
this plot it seems that E 300 
-61 
there is a linear 250 E 
:9 relationship between d 200 
and d, as J varies. This 
150 
means that the ratio d1d, E 
E 
will be constant, 100 
regardless of J This 50 
situation arises because 
0 
the change in geosynthetic 
deflections as J varies 
- ----------------------------- A J=50OOkN/m 
J=500kN/rn ý 
41-0-40 J=5QkN/m 11 
XX J=25kN/m 
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TI 
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II 
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Maximum deflection of geosynthetic d (mm) 
behaves in the same way 
Figure 6.62: Relationship between d, and d, 
observedfrom the results of thefinite element 
as the change in the depth analyses of circular voids of different diameters 
of the surface settlement 
beneath a 4m thickfill layer as J varies 
trough with varying J. If this change of geosynthetic deflection d, due to 
changing tensile modulus J is accounted for (for example in the manner 
described in Section 6.2.4), then d, may still be computed accurately using 
equation (6.28). Similarly, equation (6.27) may be applied to all infinitely long 
voids regardless of the value of J. 
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6.4.5 Summary of findings 
It has been demonstrated that, where the existing design guidance considers the 
pattern of surface settlements, the guidance is generally inaccurate. In the case of 
the British Standard BS8006: 1995, it is assumed that the volume of displaced fill 
at the ground surface is the same as the volume of displaced fill at the level of the 
reinforcement. The width of the surface settlement trough tends to be 
overestimated, and as a consequence of this the depth of the settlement trough is 
underpredicted, which might have catastrophic consequences for any structure 
located there. In contrast, the RAFAEL method adopts a crude means of 
accounting for the expansion of the till material as it shears. For the cases 
considered in this study this approach tended to result in too much expansion of 
the subsiding fill, and using this design method predicted heave of the ground 
surface above the void, which is unrealistic. 
As a consequence of these shortcomings, a completely different approach is 
advocated. An error curve approach, as suggested by Peck (1969) for modelling 
the surface settlements above an advancing tunnel, is demonstrated to match well 
the pattern of surface settlements seen from the finite element analyses. 
Empirical relationships have been established for estimating the depth and width 
of the surface settlement trough, from the results of the parametric study. 
Adopting this approach differs from the current design guidance in that the shape 
of the subsidence trough seen at the surface is now different from the shape of 
the deformed membrane, which seems a much more likely assumption. This 
method also allows for the width of the surface settlement trough to vary as the 
fill material properties vary, even though it has been shown already in Section 
6.3 that vertical shear surfaces may be assumed in the fill material for the 
purpose of assessing the behaviour of the geosynthetic. This corresponds well to 
the findings in Section 5.7.3. In the existing design guidance, the assumed shape 
of the subsidence zone determines the width of the surface settlement trough, so 
that if the shear surfaces are assumed to be vertical then the width of the 
settlement trough must be the same as the width of the void, which does not 
agree with the results of the parametric study. In general this approach appears to 
be far superior to the existing design guidance. 
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6.5 Damage to a structure at ground surface level 
In Section 5.10.7 the behaviour of a beam, representing a structure, at the ground 
surface is examined in the event of a void fortning beneath a geosynthetic 
reinforced fill load transfer platform supporting the structure. It is observed that 
the deformation of the beam depends on its position relative to the greenfield 
surface settlement trough. 
When the building is located directly above the void, the beam settlement is 
uniform along the length of the beam, and no significant distortion occurs. In this 
case it is unlikely that the building will experience structural damage, however in 
some cases the amount of settlement may give cause for concern. It was observed 
in Section 5.10.7.2 that the settlement will depend on the width of the beam 
relative to the width of the surface settlement trough. Figure 5.34 demonstrates 
that it is not possible to relate the surface settlements to the ratio BID, where B is 
the width of the beam and D the width of the void. Since the width of the 
settlement trough is demonstrated in Section 6.4.3 to be a function of i, Figure 
6.63 uses the same data presented in Figure 5.34, but considers the relationship 
between the centreline settlements of the beam db, the width of the beam, and the 
soil surface settlement -4 ------I------------------------ ýAAA D=0.8m 
trough width parameter 1.0 1000 D=1.4m 000 D=2. Om 
In(d /1) 161n(B/i) In all cases the fill layer is -4.4 - 
1n(d, fi)-=--1.61n(B/i)-1.3 
4m thick, the material 
parameters are as given in -4.8 ------------------------ L "ýj 
L 
Table 5.1, and the beam ý"a 
represents a3 storey -5.2 ------IL-----IL--- ----4 1------ 
s -ucture whose weight is tr 
included. Only the width -5.6 -----L-----L 
L 
of the structure B and the 
width of the void D are -6 ---r --F T-- -F T---- t -F-4 -T- -T 
varied. A straight line can 1.8 2 2.2 LN(Bh) 
2.4 2.6 2.8 
be drawn through this Figure 6.63: Relationship between db, i and B 
data with relatively little for a three storey, weighted, structure located 
scatter, as indicated by the 
directly above voids of different sizes 
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high R2 value, which relates the variables in the following manner: 
db 
= 0.27(mýf 
,6 (6.33) 
ii 
This relationship is specific to a three storey structure - as demonstrated in 
Figure 5.32 the settlement increases in a non-linear manner as the number of 
storeys in the structure increases. Consequently equation (6.33) cannot be used 
for general design purposes, but is indicative of the nature of the relationship 
between the settlement of the structure and the width of the building relative to 
the width of the greenfield settlement trough. 
In practice, it is improbable that a structure would be located directly above the 
void. Of more concern to the continued viability of the structure is the behaviour 
of the beam when the centreline of the structure is offset from the centreline of 
the void by some distance, or eccentricity, e. In this situation the structure will 
not only experience settlement, but also a degree of rotation depending on its 
position relative to the soil surface settlement trough. In none of the cases 
analysed during the course of the parametric study is there any evidence of 
hogging or sagging occurring along the length of the beam. In all cases, the beam 
is sufficiently rigid that it remains straight, and therefore any damage to the 
structure will be a consequence of tilting only. This may be due to the values of I 
calculated according to the parallel axis theorem (Timoshenko, 1955), in 
equation (5.4) resulting in high bending stiffnesses for the beam elements. This 
approach might not be appropriate to model the behaviour of a masonry 
structure. 
The damage to a low-rise structure induced by tilting has been categonsed by 
Charles & Skinner (2004), and is summarised in Table 6.1. It is evident from 
Figure 5.38 that the tilt of some of the structures analysed would result in the 
need to demolish that structure. 
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Classification Tilt Comment 
The maximum acceptable differential settlement 
across the building is related to the design limit 
Design limit value 0.0025 value for tilt. If the building is likely to tilt more 
than this limit value, ground treatment or deep 
foundations may be required. 
Noticeability 0.004 Tilt of low-rise housing is typically noticed when 
it is in the region of 0.004 to 0.005. 
This is likely to include re-levelling of the 
Remedial action 0.01 building, perhaps by grouting or underpinning and 
acking 
If the tilt reaches this level, the building may be 
Ultimate limit 0.02 regarded as being in a dangerous condition, and 
remedial action either to re-level or demolish the 
building ill be required urgently. 
Table 6.1: Indicative valuesfor tilt of low-rise housing, after Charles & 
Skinner (2004) 
The results seen in Figures 5.37 and 5.38 indicate that the largest settlements and 
rotations develop when the structure is located along the sloping sides of the soil 
settlement trough. The relationship between the settlements, rotations, the 
properties of the structure and the shape of the settlement trough are complex, 
and considered to be beyond the scope of this study. For design purposes the 
exact position of the void relative to the structure may well not be known. 
Consequently it is necessary to consider an upper limit for the likely settlements 
and rotations that the building could experience. 
In all of the cases considered in the parametric study, both ends of the rotated 
structure are still in contact with the ground surface on either side of the soil 
settlement trough, as seen in Figure 5.40, which has the effect of limiting the 
rotation. In the worst case scenario however it is possible that the building length 
will be insufficient to span the soil settlement trough in this manner and that the 
final position of the structure will be tangential to the soil surface settlement 
trough. The most severe rotation will therefore occur when the slope of the soil 
settlement trough is at a maximum. 
Because the soil settlement trough is assumed to follow the shape of an error 
curve, the maximum slope of the greenfield soil surface settlement trough is 
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known to occur at a distance x=i from the centreline of the trough (Gunn, 1993). 
Therefore the maximum slope, is given by: 
d 
0.6 (6.34) 
The rotations defined in Section 5.10.7.4 define the gradient of the beam in its 
final position with respect to the same co-ordinate system, and therefore a,,,,, 
may be considered to be an upper limit for the rotation, or tilt, of the beam. This 
approach greatly simplifies the calculation of the beam rotation, but in many 
cases will lead to a significant overestimate of the likely damage. As noted 
previously, in none of the cases analysed in the parametric study did the position 
of the beam come close to this value, but it is conceivable that a situation might 
arise where this approach might be realistic. 
This value of rotation, or tilt, obtained either by equation (6.34) or from more 
complex analysis of the structure (such as finite element analysis) may then be 
used in conjunction with the damage categories defined by Charles & Skinner 
(2004), and given in Table 6.1. 
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Chapter 7 
Proposal for a design procedure 
Having reviewed the results of the parametric study and assessed the existing 
design guidance in Chapter 6 in light of these results, it is evident that there is 
scope for improving the design guidance. This is particularly true with regard to 
finding the distribution of surface settlements, but the results of the parametric 
study also enable us to select which of the current guidance adopts the most 
appropriate assumptions regarding the behaviour of the fill and the geosynthetic. 
In this chapter, the findings of Chapter 6 are presented in such a way as to enable 
the design of a geosynthetic reinforced fill load transfer platform (LTP). 
It has already been seen in Section 6.4.1.3 that the British Standard BS8006: 1995 
produces non-conservative estimates of the differential surface settlements, by 
predicting a surface settlement trough that is too wide and too shallow, if these 
are predicted from the behaviour of the geosynthetic. As noted in Section 6.4.1.3, 
this issue does not arise if the membrane behaviour is assessed from the design 
values of differential surface settlement instead, nonetheless the British Standard 
does not currently state that the guidance should only be used in this manner. 
Consequently it is imperative to state here that the step-by-step design process 
described in this chapter should be followed in the sequence presented here, in 
order to ensure that the design is always conservative. The order in which the 
different aspects of behaviour are considered in Chapter 6 is a logical way of 
assessing the behaviour of a reinforced fill load transfer platform, and this same 
approach is recommended for design purposes. 
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With this in mind, the design objectives to be addressed by the design method, 
and the necessary input required in order to achieve this, are laid out first in this 
chapter. This defines the manner in which this proposed design procedure is 
intended to be used. If it is desired to use the equations in this design method to 
calculate any of the quantities which are assumed here to be known from the 
start, then special care must be taken to ensure that the results remain 
conservative. Thereafter the new proposed approach for the design of a 
geosynthetic reinforced fill UP is described fully. Once this new design 
procedure has been laid out, it is used to evaluate some of the cases analysed in 
the parametric study, to check that the correct behaviour is obtained using this 
design procedure. It is also used to estimate the likely surface settlements 
resulting from the model tests, which are described U137 in Chapter 4. 
Predictions are also made using the British Standard BS8006: 1995 and the 
RAFAEL design method (Blivet et al, 2002), and all of these predictions are 
compared with the results of the model tests, to assess the success of the 
proposed design approach. 
7.1 Design objectives and input requirements 
It is assumed that where a geosynthetic reinforced fill LTP is to be constructed, 
the designer has two principal design objectives, namely: 
9 To calculate the tensile force and strain that will develop in the 
geosynthetic in the event of a void forming so that a suitable material 
may be selected; 
0 To determine the resulting pattern of surface settlements, so that the 
impact on any structure or infrastructure may be assessed. 
In order to derive these quantities, it is assumed that the size and shape of the 
potential void are known. Generally it is thought that the choice of an appropriate 
shape will be based on the likely reason for the deep-seated collapse in the 
subsoil (for example, if a mining seam were to collapse, the void is likely to be 
considered to be infinitely long, whereas collapse upon wetting of a zone of 
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uncompacted soil at depth is more likely to give rise to a circular sinkhole). The 
selection of an appropriate design void size D is likely to be based on the size of 
other sinkholes known to have occurred in the area where the load transfer 
platform is to be constructed. Consequently the designer should have sufficient 
information to select an appropriate design void size and shape. 
It is probable that the fill thickness H will be known prior to the start of design. 
Where the site is being redeveloped for low-rise construction, it is likely that 
some minimum fill thickness will be required to allow for the construction of 
shallow foundations and the installation of services for these structures. The 
designer must ensure that no damage is allowed to occur to the geosynthetic 
reinforcement that may affect its integrity or strength during the course of any 
construction activity on the site. In any case, in order to ensure that stable arching 
behaviour develops within the fill, as described in Section 6.1.1.2, the minimum 
fill thickness must satisfy the following relationships. 
For a circular void: HID> 1.5 (7.1 a) 
For an infinitely long void: HID>3.0 (7.1 b) 
The design method also assumes that the designer has a fill material in mind for 
which the material parameters are known. Since this material is likely to be either 
of a standard specification, or reuse of excavated material from the site, if 
deemed suitable, this is not thought to be an unreasonable assumption. The 
crucial material parameters are the angle of shearing resistance O'fiu, and the 
angle of dilation v. It is assumed that there is no cohesion in the fill material, and 
that the fill is above the water table. 
7.2 Proposed design method 
Following the logic of Chapter 6, the first step in the design of a geosynthetic 
reinforced fill LTP is to consider the soil arching. The vertical stress, p, applied 
to the geosynthetic by the overlying fill should therefore be calculated first. This 
may then be used to determine the tensile force that the geosynthetic must be 
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capable of sustaining, as well as the tensile strain in the geosynthetic and its 
deformation. Having established the maximum deflection of the geosynthetic, it 
is then possible to determine the pattern of surface settlements. 
The parameters in the following calculations relate to the problem geometry 
illustrated in Figure 7.1. 
Original ground 
surface 
----------------------------- 
i 
------------------ 
Fill: ; v, 0', vH 
Original position of 
geosynthetic 
Geosynthetic: J, T, 
d 
Foundation soil I Vold 
D 
Figure 73: Geometry ofproblem and definition ofparameters for new design 
method 
7.2.1 Arching behaviour 
In Chapter 6 it is found that Terzaghi's classical arching theory provides the most 
realistic explanation for the arching behaviour observed from the finite element 
analyses. In addition, Terzaghi's original arching equation (Terzaghi, 1943) is 
seen to be the most appropriate means of evaluating the vertical stress, p, acting 
in the fill at the level of the reinforcement. If there is no cohesion in the fill: 
For a circular void: 
ýD 
: ±KH tan 0 -4KH tan 0 
4K tan 0 
I-e D+ we 
D (7.2a) 
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For an infinitely long void: 
-2KH -2 KH 
ýD I-e D 
týn 0+ 
we 
D 
tan 0 
(7.2b) 
2K tan 0 
At this stage it is necessary to determine a suitable value for the stress ratio K. As 
discussed in Section 6.1.4, this is not trivial. The results of the finite element 
analyses indicate that K is independent of the fill material properties and that 
using a value of K=1.0 is appropriate in all cases and will still produce 
conservative estimates of p. If a higher value of K can be justified then this may 
be used instead. 
7.2.2 Behaviour of the geosynthetic 
The results of the parametric study indicate that the shape of the deformed 
geosynthetic is best approximated as a circular arc. This means that the tensile 
force T developed in the geosynthetic, and the strain e, are calculated using the 
same equations used in Giroud's design method (Giroud et al, 1990). Both 
depend on the radius of the circular arc, r. Giroud et al (1990) observe that the 
radius r--DO, where D is a dimensionless factor depending on the void size D 
and the maximum geosynthetic deflection d, and is given by: 
Q=I 
2d+ D) 
(7.3) 
4(D 2d 
The tension that develops in the geosynthetic depends on the shape of the void. 
For circular and infinitely long voids, the value of T is calculated as follows: 
For a circular void: 
T= pDf2 (7.4a) 
2 
For an infinitely long void: 
T= pDf2 (7.4b) 
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The strain level developed in the geosynthetic is the same for both circular and 
infinitely long voids, and is given by: 
if dlD<0.5 
M sin -' 
, )-I 
E= 
(M 
(7.5) 
M ýT-sin-'( 
I if dlD>0.5 
1 
20 
Equations (7.3) and (7.5) define a unique relationship between d, c and fl. 
Unfortunately these equations are cumbersome and if c is known it is difficult to 
solve them analytically to find d. For such purposes the graphical solutions 
presented in Figure 7.2 are very useful. 
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Geosynthetic strain c 
(a) e vs .0 
Figure 7.2: Relationships between strain, radius and maximum deformation 
for a geosynthetic deforming as a circular arc 
The dependence of both T and con r, or fl, means that some assumption needs to 
be made by the designer with regard to one of these variables, as discussed in 
Section 6.2.4. It seems most likely that an acceptable strain level will be defined, 
and used to determine d for a given void size, using equation (7.5) or the chart 
shown in Figure 7.2. The calculation of T using the appropriate equation (7.4) is 
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then straightforward. This procedure then defines a particular value of J, the 
tensile modulus of the reinforcement: 
T=A (7.6) 
It should be noted that if dlD>0.5, this means that the centre of the circle used to 
define the shape of the geosynthetic ties below the original level of the 
reinforcement, as shown in Figure 7.3. In such cases Figure 7.2 suggests that the 
strain level must be in excess of 57%, which is highly unlikely to be acceptable 
to the designer. Therefore this situation is unlikely to arise in practice, but if it 
does the deformed shape 
of the geosynthetic cannot Fill layer 
be circular above the level 
of the centre of this circle, 
which will affect the 
calculation of the strain. 
In a circular arc the strain 
computed from equation 
(7.5) is assumed to be 
uniforin along the length 
of the arc. Where the 
oil Foundation soil 
d 
Figure 7.3: Sketch illustrating the inferred 
shape of the deformed geosynthetic when 
dID?: 0.5 
shape is not a simple arc, the strain will not be uniform, and this equation may 
not predict the maximum geosynthetic strain in such cases. If this situation arises, 
it is suggested that the stiffness of the reinforcement should be increased, to 
reduce the deflection of the geosynthetic to a more reasonable level. This may be 
achieved by reducing the strain level in equation (7.5) and re-evaluating D and 
d1D from Figure 7.2. 
7.2.3 Surface settlements 
Of the existing design guidance, only the British Standard BS8006: 1995 and the 
RAFAEL design method (Blivet et al, 2002) consider the pattern of surface 
settlements. The findings of Chapter 6 indicate that neither of these methods are 
capable of reasonably predicting the pattern of surface settlements - both tend to 
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underpredict the maximum surface settlement, which is not conservative. An 
entirely different method of predicting the pattern of surface settlements is 
therefore proposed. This approach is similar to that applied to finding the 
greenfield surface settlements above advancing tunnels, using the error curve 
approach advocated for the tunnelling scenario by Peck (1969). If y is the vertical 
settlement of a point at a distance x from the vertical plane containing the 
centreline of the void, then the pattern of surface settlements is given by: 
y=d, e (7.7) 
Where d, is the maximum surface settlement, which occurs at X--O, and i is a 
parameter defining the width of the settlement trough. At x=±i, there is a point of 
inflection in the surface settlement profile, and beyond a distance of X--±3i the 
surface settlements are considered to be negligible, so that the full width of the 
trough D, may be considered equal to 6i. 
In order to find d, and i, empirical relationships are derived in Chapter 6, based 
on the results of the parametric study. The width parameter, i, may be obtained 
from the following relationships: 
For a circular void: 
sin 35 H 
D sin 0 
(0.05 D +0.3) 
(7.8a) 
For an infinitely long void: 
i- sin35 0.15 H +0.35 (7.8b) DD 
Similarly, the results of the parametric study suggest that, when the fill material 
is non-dilatant, the maximum depth of the surface settlement trough d, may be 
obtained as follows: 
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For a circular void: 
d 
_(sin35 
)2 
0.23(H 
)2 
+1.25 (7.9a) d, sin 0D 
For an infinitely long void: 
d_ 
_ 
(sin35 ý(0.7 H 
+0.65) (7.9b) d, D 
If the soil dilates during shearing with an angle of dilation v, then whichever of 
equation (7.9) or the following (7.10) produces the greater value of d, (or the 
smallest value of dld, ) should be used. 
For a circular void: 
d (H )2 
65V 
d, 
0.45 
De0 
(7.1 Oa) 
For an infinitely long void: 
dH 
41, 
-=0.8-e 0 (7.1 Ob) d, D 
7.3 Application of proposed design procedure 
To investigate the accuracy of the design procedure proposed in Section 7.2, the 
predictions made using this approach are compared with the results of the 
parametric study and the model tests described in Section 4.2. In the following 
sections, the results of the parametric study are used to assess the accuracy of the 
predictions made for the maximum deflection of the geosynthetic, the tensile 
force developed in the geosynthetic, and the maximum surface settlement using 
the proposed design procedure. The results of the model tests only give the 
pattern of surface settlements, and these are therefore compared with the 
predicted settlement troughs obtained using the proposed design method, and 
also the predictions made using the existing design codes. 
280 
7.3.1 Comparison with results of parametric study 
Since the results of the model tests only give the pattern of surface settlements 
above voids that must be considered to be infinitely long for the purpose of 
design, it is necessary to use the results of the parametric study to assess the 
accuracy of the proposed design method for those cases where the void is 
circular, and also to assess the behaviour of the geosynthetic. In the following 
calculations it is assumed that the fill material has the properties given in Table 
5.1, and that the fill layer is 4m thick. It is also assumed that the value of the 
stress ratio K is 1.0, in accordance with the findings of Section 6.1.4. 
7.3.1.1 A circular void of diameter 1.4m 
In this case the value of HID is 2.86, which satisfies the requirements of equation 
(7.1 a). The value of the vertical stress p at the level of the reinforcement is found 
to be p=10. OkPa, by equation (7.2a). 
By adopting different 24 ----------------------I 
F+-- 4--ý Proposed design procedure 
strain levels in the ý*** ICIFEP results 
I* 
reinforcement, from 1% 
-f 20 L-------JI-------L-------JI 
z 
to 50%, different values 16 -------J-------L------ 
of T have been obtained 
using equations (7.4a) and 0) 12 ---------J-------L-------/ 
0 
Figure 7.2. Each 
'0 
combination of T and c8--------J-------- 
/-/- 
U) yields a different value of 4L------- 
J, from equation (7.6). 
These values of J do not 0 
correspond directly to the 1 10 100 1000 10000 Tensile modulus of reinforcement J (kN/m) 
values used in the Figure 7.4: Comparison ofpredicted values of 
parametric study, so in 
Tfrom ICFEP and the proposed design 
procedurefor a circular void, 1.4m in diameter 
order to compare the 
results Figure 7.4 plots the tension T developed in the geosynthetic against J, for 
both the ICFEP results and those predicted using this design procedure. It can be 
seen that the agreement between the two sets of data is very good. 
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= - 
.E ------- 
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agreement between the 
x 
two sets of data is good, 
with the predictions made 0 fII -T 
using the proposed design 
1 10 100 1000 10000 
Tensile modulus of reinforcement J (kN/m) 
procedure being slightly Figure 7.5: Comparison ofpredicted values of d 
from ICFEP and the proposed design higher in all cases, which procedurejor a circular void, 1.4m in diameter 
is conservative. 
Lastly, the maximum 0.24 ---------I------- -- -------------- 111 Proposed design pro edure 
surface settlement d, can lCFEP results 1 
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equation (7.9a). In this Cý 0.16 --------------------- 
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E 
(D 
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maximum surface E 
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0.08 ------- 
settlements predicted in - X 
this way, and those 0.04 -J ------------J------ 
obtained from the finite 
element analyses is shown 0 11' 1 
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in Figure 7.6. The Tensile modulus of reinforcement J (kN/m) 
Figure 7.6: Comparison ofpredicted values of predictions made using d, from ICFEP and the proposed design 
the proposed design procedurejor a circular void, 1.4m in diameter 
method are slightly higher 
than those obtained from the finite element analyses, but since this is 
conservative it is not deemed t o be a cause for concern. 
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As a consequence of the results presented in Figures 7.4 to 7.6, which are typical 
of those obtained for other cases of circular voids, it is thought that the proposed 
design method works well for circular voids in terms of predicting the forces and 
deflections generated in the geosynthetic and the maximum surface settlements. 
The response of these variables to alterations in the stiffness of the reinforcement 
is also reproduced well by the proposed design method. 
7.3.1.2 An infinitely long void of width 0.8m 
A similar exercise to that described in Section 7.3.1.1 has been undertaken for a 
0.8m wide, infinitely long void. In this case HID=5.0, which satisfies equation 
(7.1 b). The value of p in this case is found to be p= I 1.4kPa using equation 
(7.2b). 
24 ----------------------------- 
Proposed design procedure 
ICFEP results 
J-------L------ 
J-------L------ 
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The relationship between 
T and J given by the 
proposed design process, 
obtained by varying c and 
using equations (7.4b) and 
(7.6), is compared with 
the results of the finite 
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infinitely long, void 
where the tensile modulus 
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Tensile modulus of reinforcement J (kN/m) J is altered in Figure 7.7. 
Figure 7.7. Comparison ofpredieted values of There is good agreement 
Tftom ICFEP and the proposed design 
procedure for a 0.8m wide, infinitely long void 
between the results, with 
the proposed design 
procedure estimating slightly higher, conservative values of T than the finite 
element analyses. 
As in the case of a circular void, the maximum deflection of the geosynthetic, 
obtained for each value of -- from Figure 7.2 (and therefore the corresponding 
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of the finite element 
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Figure 7.9: Comparison ofpredieted values of 
dsfrom ICFEP and theproposed design is good, and the 
design 
procedurejor a 0.8m wide, infinitely long void method is shown to be 
slightly conservative. 
As in the case of a circular void, the proposed design method is seen, in Figures 
7.7 to 7.9, to work well in ternis of predicting the forces and deflections 
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generated in the geosynthetic, and the maximum surface settlements, when the 
void is infinitely long. The response to variations in geosynthetic stiffness is also 
well reproduced. 
It is therefore concluded, on the basis of the results presented in Sections 7.3.1.1 
and 7.3.1.2, which appear to be typical, that the proposed design procedure 
works well regardless of the shape of the void. 
7.3.2 Comparison with results of model tests 
In order to assess the ability of the proposed design procedure to accurately 
reproduce the pattern of surface settlements seen in a geosynthetic reinforced fill 
LTP, the predictions are compared with the results of the model tests. Two 
examples are shown here, one that satisfies equation (7.1 b), and one that doesn't, 
in order to see how the proposed design method performs in such cases. The 
results are also compared with the predictions made using the existing design 
guidance. 
For the purposes of a design process, the void in the model tests is considered to 
be infinitely long, as in the plane strain finite element analyses described in 
Section 4.4. In both of the cases presented here, the fill is loosely placed, and 
therefore the relevant material parameters, given in Table 4.6, are: 
ý-15.5kN/M3 0'=35' V--o J=1 I kN/m/m 
There is no surcharge loading, and it is assumed that K=1.0 in accordance with 
the findings of Section 6.1.4. 
7.3.2.1 Test H240-D80-L_R 
7.3.2.1.1 Proposed design procedure 
In this test the fill thickness is 240mm, and the void width is 80mm, resulting in a 
HID ratio of 3.0, which satisfies equation (7.1b). Therefore the value of p, 
obtained from equation (7.2b), is p=0.87kPa. 
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Assuming a strain level of 1%, it is found that -(2 is 2.06 using Figure 7.2, and 
that T=0.143kN/m by equation (7.4b). This corresponds to a value of 
J=14.3kN/m, which is slightly too high. By a process of trial and error, it is 
found that if the strain level is 1.2%, then S-2-1.90, and T=0.132kN/m, giving 
Jý II kN/m, which matches the stiffness of the reinforcement used in this test. 
At this strain level, d/D=0.067, so d=5.36mm. 
Equations (7.8b) and (7.9b) can now be used, since the fill is non-dilatant, to 
determine the parameters to define the width and depth of the surface settlement 
trough. This yields values of i=0.064m, and d, =1.95mm. 
7.3.2.1.2 British Standard BS8006: 1995 
The width of the settlement trough D, as predicted by the British Standard 
BS8006: 1995, is given by equation (2.4). For this example, D, =0.77m. 
If it is assumed that the strain level is still 1.2%, then the maximum surface 
settlement may be found from equation (2.5a). In this case it is found that 
d, =0.56mm. 
7.3.2.1.3 RAFAEL design method 
Again, if the geosynthetic strain is assumed to be 1.2%, then the geosynthetic 
deflection may be obtained from equation (2.13), and is found to be d=5.37mm 
in this case. 
The width of the surface settlement trough is assumed to be equal to the width of 
the void D in this formulation. Therefore all that remains is to determine the 
maximum surface settlement d, which is given by equation (2.15). Assuming 
that the soil expansion coefficient C, ý1.15 in accordance with the 
recommendations of Blivet et al (2002), it is found in this case that this approach 
predicts an upward movement of 67mm at the surface above the centreline of the 
void, which is clearly unrealistic. 
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7.3.2.1.4 Comparison ofpredictions 
The plot in Figure 7.10 shows the surface settlement profiles predicted using the 
proposed design procedure and the British Standard BS8006: 1995, and compares 
these with the measurements made during the laboratory testing. The unrealistic 
heave predicted using the RAFAEL design method is omitted. The values of d, 
and D, obtained in Section 7.3.2.1.2 are substituted into the general expression 
for a parabola (given by equation (2.1)) to obtain the surface settlement profile 
for the British Standard BS8006: 1995 in Figure 7.10, whereas equation (7.7) is 
used, in conjuction with the values of i and d, obtained in Section 7.3.2.1.1, to 
generate the surface settlement trough predicted using the proposed design 
procedure. 
Distance from centre of box (m) 
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 
0------L------L---- 
E%XIIII 
%IX X/1" 
% (U 
III I%I11 -6 -0.5 --------L----- 
Q) 
E 
0 CO ------L------j------L -------------------- 
MU 
> 1.5 ------L------J------LL------------------ 
IIe t-H2 D: ýR D: ýD 
LI XT-L 
% 
ýh 
oý 
ýesw 
d e- ig n 
BS8006: 1995 
-2 ------i----------- -- ------ I- _-_ --- 
Figure 7.10: Comparison of surface settlementprofiles predicted using the new 
design method and BS8006: 1995 with those measured during the model test 
H240 D80 L_R. 
The results presented in Figure 7.10 indicate that the proposed design method 
overpredicts d, in this case, but that the width of the settlement trough is well 
predicted. The British Standard meanwhile significantly overestimates the width 
of the trough, but the prediction of the maximum surface settlement is quite 
accurate in this case. 
287 
From a designer's viewpoint, the surface settlements need to be determined so 
that any resulting damage to overlying structures or infrastructure may be 
assessed. It is the slope of the sides of the settlement trough that will be crucial in 
determining this. The predictions made using the proposed design method are at 
least conservative in this regard, since the slope of the settlement trough is 
steeper than the results of the model test. The British Standard however predicts 
that the sides of the settlement trough will have a much shallower gradient, 
which is not conservative. For this reason the predictions made using the 
proposed design method are preferable. 
7.3.2.2 Test H80D80 L-R 
7.3.2.2.1 Proposed design procedure 
In this test the HID ratio is 1.0, because the width of the void and the thickness of 
the fill are both 80nim. This means that equation (7.1b) is not satisfied; 
nonetheless some arching behaviour is thought to have developed in the fill. The 
existing design codes make no such allowance for the HID ratio, so it is of 
interest to see how the proposed design procedure performs in such a case. 
The approach is exactly as described for the case where the fill thickness is 
240mm. In this case, equation (7.2b) predicts thatp=0.67kPa. 
A strain level of I% is adopted. From Figure 7.2, this means that the 
corresponding values of D is f2--2.06, and using this value in equation (7.4b) 
gives a tension of T=O. II kPa in the geosynthetic. This means that J=I I Min, 
which by fortunate coincidence is the value we require. 
At a strain level of 1%, Figure 7.2 indicates that the value of d1D is 0.0615, 
which means that d=4.9mm. 
There is now sufficient information to calculate the surface settlement parameters 
i and d, using equations (7.8b) and (7.9b) respectively, since the fill is not 
dilatant. It is found that i=40mm, and d, =3.6mm. 
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7.3.2.2.2 British Standard BS8006: 1995 
The width of the settlement trough D, as predicted by is given by equation (2.4), 
and in this case D, =0.3 I in. 
Assuming that the strain level in the geosynthetic is still 1%, it is then possible to 
calculate d, using equation (2.5a). This is found to be d, =1.3mm. 
7.3.2.2.3 RAFAEL design method 
In this case, making the same assumption that ý---I% means that it is possible to 
find the maximum geosynthetic deflection d, by means of equation (2.13). For 
this geometry, it is found that d--4.9mm. 
Adopting the same argument as in the case where H=240mm, it is found that d, is 
-19mm, i. e. heave is predicted. Again, this is clearly unrealistic. 
7.3.2.2.4 Comparison ofpredictions 
The pattern of surface settlements predicted by the different design methods are 
computed in the same way as in the previous case, and are compared with the 
results of the model tests in Figure 7.11. 
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Figure 7.11: Comparison of surface settlement profiles predicted using the new 
design method and BS8006: 1995 with those measured during the model test 
H80 D80 L_R. 
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Again, the heave predicted using the RAFAEL design method is omitted, since it 
is not realistic. 
It is evident from Figure 7.11 that in this case the surface settlement trough 
measured in the model test is most accurately reproduced using the proposed 
design procedure. The predicted maximum settlement is closer to the measured 
value, and the shape of the surface settlement trough is also much more similar to 
that observed in the test than the predicted settlement trough obtained using the 
British Standard. Again, the results predicted using the proposed design 
procedure are also conservative in terms of predicting the slope of the ground 
surface, unlike the predictions made using the British Standard BS8006: 1995. 
7.4 Summary 
A proposal has been made for a procedure to design a geosynthetic reinforced fill 
load transfer platform. This proposal is thought to have several advantages over 
the existing design guidance. It is more versatile generally than any of the 
existing design guidance, since the effects of soil dilatancy can be incorporated. 
The prediction of surface settlement patterns is also thought to be far more 
appropriate in the proposed procedure than in any of the existing guidance. 
In Section 7.3.1 the proposed procedure has been demonstrated to accurately 
predict the geosynthetic response and the maximum surface settlements seen 
when both circular and longitudinal voids form in the foundation soil in the finite 
element analyses. As no field or test data regarding the behaviour of the 
geosynthetic is available, against which the design method could be validated, 
this is all that can be done to assess the accuracy of the predictions concerning 
the geosynthetic response. 
Since the relationships connecting the surface settlement patterns to the 
geosynthetic deformations are derived from the results of these same finite 
element analyses, it is better not to use the same data to assess the accuracy of 
predictions made using these relationships. For this purpose the results of the 
model tests described in Section 4.2 may be used, and this is done in Section 
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7.3.2. It is seen that generally the proposed procedure performs better than any of 
the existing design guidance, even when the predictions are not perfectly 
accurate. 
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Chapter 8 
Conclusions and Recommendations 
The preceding chapters of this thesis describe a comprehensive study into the 
behaviour of a reinforced fill layer spanning a void, by means of both model tests 
and finite element analysis. The details of these tests and the parametric series of 
finite element analyses are presented in Chapters 4 and 5. Adopting this approach 
allowed a broad and systematic study to be undertaken, in which the influence of 
a wide range of variables could be assessed independently. The results of this 
study have provided an enhanced understanding of the behaviour of a 
geosynthetic reinforced fill load transfer platform (LTP), and identified the key 
variables that influence this behaviour and their effects. 
Having observed the response of a geosynthetic reinforced fill layer to the 
formation of a void beneath the geosynthetic, it is then possible to consider the 
implications of this behaviour for the design of such a system. Since the ultimate 
objective of research in this field is to facilitate the redevelopment of previously 
unfeasible sites, as discussed in Chapter 1, the ability to design a geosynthetic 
reinforced fill load transfer platform with confidence is of critical importance. 
The two principal design requirements are the assessment of the behaviour of the 
geosynthetic, so that an appropriate geosynthetic reinforcement material may be 
selected, and the prediction of any surface settlements, so as to enable the likely 
damage to any structure or infrastructure built on a load transfer platforin to be 
estimated. These are governed by the development of arching behaviour within 
the fill above the void - if this develops, then the pressure applied to the 
geosynthetic by the fill will be reduced from the hydrostatic pressure that would 
otherwise be expected, and the surface settlements will be reduced. Consequently 
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in order to design a geosynthetic reinforced fill load transfer platform 
successfully it is necessary to establish the nature of certain aspects of behaviour, 
namely the existence and characteristics of any arching in the fill, and the 
corresponding response of the geosynthetic and the ground surface settlement 
pattern. 
The literature review in Chapter 2 identified three existing design methods for 
geosynthetic reinforced fill load transfer platforms, but there is no concensus 
between these three on any aspect of the behaviour of such a system. Therefore 
in addition to assessing the overall behaviour of reinforced fill load transfer 
platform, the results of the study have also been used to consider the behaviour 
of each component within the system with the aim of identifying which of the 
design methods performs best in terrns of making the most appropriate 
assumptions regarding each of these different aspects. This interpretation is 
described in Chapter 6. In the event, it was found that none of the design 
guidance was entirely appropriate with regard to all of the aspects of behaviour, 
and that some improvements could be made based on the results of the 
parametric study, as demonstrated in Chapter 7. In this chapter, the main 
conclusions resulting from this study are summarised. The issues that arise from 
this study are identified and recommendations are then made for future research 
in this subject area. 
8.1 Behaviour of a geosynthetic reinforced fill load transfer 
platform 
As a consequence of the parametric study described in Chapter 5, it was found 
that the response of a geosynthetic reinforced fill load transfer platform depends 
on the size and shape of the void, the thickness of the overlying fill layer, the 
shearing resistance and dilatancy of the fill, and the stiffness of the geosynthetic 
material and number of layers of it. None of the other variables considered in this 
parametric study had any effect on the response of the geosynthetic or on the 
observed surface settlements. Consequently the behaviour of a geosynthetic 
reinforced fill LTP is thought to be independent of the coefficient of earth 
pressure at rest in the fill, the Young's modulus of the fill, and the ultimate 
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tensile strength of the geosynthetic. The response of the geosynthetic reinforced 
fill LTP to the alteration of the influential variables is summarised below. 
The conditions for the LTP are far more onerous when the void is in the 
form of an infinitely long trench than when the void may be considered as 
being circular in plan. Generally similar trends in behaviour are seen as 
other variables in the parametric study are altered, regardless of the void 
shape. Essentially two sets of parametric data have been generated, one 
for each void shape, which allows different trends to be evaluated and 
corroborated. 
It has been found that the ratio of the fill thickness to the void size, HID, 
can be used to ensure that stable arching develops in the fill. This is 
assessed by considering the orientation of the major principal stresses in 
the fill, and locating the fill height H,, i, at which an unaffected zone of fill 
is first seen near the surface above a void of a certain size. Although 
arching behaviour will develop, affecting the full thickness of the fill 
layer above the void, at some stage before the fill thickness reaches H"i, 
it is more conservative from a design perspective to develop conditions 
for the onset of arching based on this more demanding requirement. 
As the angle of shearing resistance is reduced, the arching in the fill 
becomes less efficient, meaning that the stress regime in a greater lateral 
expanse of fill is affected in order to shed enough of the load to support 
the falling fill material. This results in a higher pressure acting at the level 
of the reinforcement, increasing the deflection of the geosynthetic. It also 
means that a wider zone of soil is affected, inducing an increase in the 
width of the surface settlement trough. 
It has been found that varying the dilatancy of the fill should not be 
considered to have any effect on the behaviour of the geosynthetic, but 
using a dilatant fill material can cause significant reductions in the 
amount of surface settlement. 
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When the stiffness of the geosynthetic is reduced, the geosynthetic 
deflections increase. Very stiff geosynthetic materials are also seen to 
attract more load than softer reinforcement materials. Although the 
surface settlements also increase in magnitude as the tensile modulus of 
the geosynthetic reduces, the relationship between the maximum surface 
settlement and the maximum geosynthetic deflection remains the same. 
Lastly, it is seen that where the LTP contains two layers of geosynthetic 
reinforcement, rather than one, the deformations and forces generated in 
each layer when a void forms are smaller than in the case of a single layer 
of reinforcement. However no further improvement is seen when more 
reinforcement layers are incorporated, and so there is no benefit in 
increasing the number of layers of reinforcement beyond two. 
It should be noted here that some of the behaviour observed in Chapter 5 is seen 
to be misleading in Chapter 6 when a more thorough interpretation reveals the 
true nature of the behaviour. This applies in particular to the role of HID in 
defining the arching behaviour, and the effects of changing the angle of dilation 
in the fill on the behaviour of the geosynthetic. 
In addition to the behaviour of the load transfer platform, an attempt has been 
made to investigate the effects of having a structure present at ground level. The 
principal findings are as follows. 
0 The presence of a structure will influence the stress regime in the fill, by 
increasing the stresses. This might be expected to modify the response of 
the geosynthetic reinforced fill load transfer platform. The results indicate 
that the presence of a structure has no influence on the behaviour of the 
geosynthetic, so for the purpose of selecting the reinforcement material 
during the design process, the structure may be ignored. 
With regard to the response of the structure itself, the situation is more 
complex, and a thorough interpretation is considered beyond the scope of 
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this thesis. The results indicate that the mode of deformation of the 
structure is generally one of tilt, since no evidence of sagging or hogging 
was seen for any of the cases considered in these analyses. This is a 
potentially significant finding since it affects the assessment of likely 
damage. 
8.2 Design of a geosynthetic reinforced fill load transfer 
platform 
Not only were the results of the parametric study used to identify the key 
variables, described in Section 8.1, and their influence on the behaviour of a 
geosynthetic reinforced fill load transfer platform, but they were also used to 
assess the validity and appropriateness of the assumptions made in the 
development of the existing design guidance. The findings relating to each aspect 
are summarised below. 
It was found that it is appropriate to assume that arching develops in the 
fill. For design purposes, minimum values of HID are suggested to ensure 
that this arching behaviour is stable. 
Terzaghi's arching equation (Terzaghi, 1943) has been found to be the 
most appropriate of the available arching theories for the prediction of the 
vertical stresses applied to the geosynthetic by the fill material. It was 
found that the subsiding soil may reasonably be assumed to be restricted 
to the vertical column of material directly above the void, so no 
modification is required to Terzaghi's arching equation. 
The shape of the deformed geosynthetic is found to be most closely 
represented by a circular arc. This assumption governs the strains and 
tensile forces generated in the geosynthetic as it deforms. 
None of the existing design guidance accurately predicts the surface 
settlement patterns. Consequently a different approach, based on the 
prediction of greenfield settlement profiles above advancing tunnels, has 
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been proposed. This approach models the settlement trough in the shape 
of an error curve. The parameters defining the width and depth of the 
settlement troughs are obtained empirically from the results of the finite 
element analyses. This approach not only models the shape of the trough 
more realistically than the existing design guidance, but allows the width 
of the trough to be uncoupled from the assumptions regarding the shape 
of the subsiding soil mass, which makes it more versatile than the 
existing design guidance. 
These findings have been assembled and form the proposed new design method 
presented in Chapter 7. Essentially this is Giroud's design method (Giroud et al, 
1990) with the addition of a method for predicting the pattern of surface 
settlements. It has been successfully used to predict the surface settlement 
patterns arising from the model tests, and the results of some of the finite element 
analyses undertaken during the parametric study. 
8.3 Recommendations for future work 
The problem of a reinforced fill load transfer platform above a void involves the 
complex interaction of many factors, such as the arching behaviour and dilation 
of the fill material, the response of geosynthetic materials when employed as a 
tension membrane, and any interaction with overlying structures. This study has 
endeavoured to consider as many potentially influential factors as possible, but 
there remains plenty of scope for further work in this area. This study has 
identified a number of variables that appear to make little difference to the 
behaviour of a geosynthetic reinforced fill layer above a void, but there are others 
which do have some influence, and further validation and quantification of these 
effects can only be advantageous. Some suggestions for further research that may 
prove helpful to investigate some of the conclusions of this study in more detail 
are listed below: 
o Further model tests, employing more sophisticated measuring and 
monitoring systems than those utilised here. Alternatively, centrifuge 
testing would also be appropriate for this problem. Load cells placed 
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within the fill could be used to monitor stress changes in the fill 
material, strain gauges attached to the reinforcement material could 
monitor geosynthetic strain at key locations (e. g. above the centre of 
the void and at the edges of the void) and inclinometers or even 
photogrammetry techniques could be used to monitor the movement 
of fill material within the reinforced layer. This information would be 
extremely useful to provide further validation of the finite element 
output. 
The literature review identified a shortage of comprehensively 
instrumented large-scale field tests. A well-documented testing 
program with a systematic approach to the variation of different 
influential parameters would provide an extremely useful database for 
further research, and increase confidence in the adequacy of the 
design of such structures. To date, the literature does not include any 
examples of field tests incorporating any kind of structure at the 
ground surface, which would assist with assessing the extent of any 
damage to structures constructed on a reinforced fill load transfer 
platform. 
With the exception of the analysis of the destruction of soil arching 
effects, by raising the pore water pressures in a partially saturated fill, 
the analysis and tests presented in this study concern a dry, granular, 
fill. Numerical analysis using the discrete element method would 
therefore be appropriate, and may assist in further understanding the 
arching behaviour in the fill. 
In relation to predicting the vertical stress applied to the geosynthet1c 
reinforcement, correctly identifying the coefficient of earth pressure, 
K, in the zone of shearing material has been demonstrated to be of 
paramount importance. A simplistic empirical approach to evaluating 
K is proposed in this thesis, in Section 6.1.4, based on the results of a 
limited number of finite element analyses. The results indicate no 
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clear trends in behaviour, as any of the fill material properties are 
changed. A more rigorous and thorough investigation of the effects of 
shearing on the value of K would therefore be highly desirable. 
The volumetric expansion of the fill material as it shears, which is 
necessary in any case to induce the frictional resistance required for a 
soil arch to form, has a significant impact on the severity of any 
surface deformations. The results of the parametric study indicate no 
clear pattern of behaviour in terms of the arching behaviour of the fill, 
or the width of the surface settlement trough, but this may warrant 
further investigation. Undertaking some analyses using the discrete 
element method may provide an improved understanding of the 
effects of dilation. 
This thesis proposes that the surface settlements may be predicted 
using an error curve approach. Relationships for the parameters 
defining the width and depth of the settlement trough have been 
determined empirically from the results of the parametric study using 
the finite element method. If further testing is undertaken using model 
tests, field tests or alternative methods of analysis, there will be more 
data available allowing these empirical relationships to be refined and 
their accuracy improved. 
In practice, it is likely that the overlying fill layers will be reasonably 
deep, and cover sizeable areas. If all of the fill material is to be 
imported to site, this will be expensive. At the level of the 
reinforcement, it is necessary to use high quality fill in order to ensure 
maximum benefit from the fill-geosynthetic interaction, however this 
high quality material may not be necessary in the upper levels of the 
fill layer. The cost of constructing a geosynthetic reinforced fill load 
transfer platform will be reduced if it is possible to reuse material 
from the site to construct the upper levels of the fill layer. If high 
quality fill is placed to depths compatible with equation (7.1), it ought 
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to be possible to then use poorer quality material above this, since the 
integrity of the arching behaviour will not be affected and this 
material is acting as a surcharge only. Some kind of filtering system 
may be required to control the movement of fines, as in dam 
construction, but in principle such an approach ought to be feasible, 
and should make no difference to the behaviour of the geosynthetic 
reinforcement in the event of a void forming beneath. Further 
investigation, by means of laboratory testing or numerical analysis, 
would be required to prove that such an approach would work, and to 
assess the consequences for the resulting surface settlement patterns. 
An attempt has been made in this study to evaluate the implications 
for a structure built on a geosynthetic reinforced fill load transfer 
platform if a void should form beneath. The approach adopted here is 
simplistic, and although this is probably sufficient to interpret the 
response of a structure when it is located directly above a void, more 
could be done to interpret the response when the structure is offset. 
This is a complex problem, depending on the position, width, weight 
and stiffness of the structure, and is considered to be beyond the 
scope of this thesis because of this complexity. However a more 
thorough interpretation would be enormously beneficial in order to 
improve the accuracy of the assessment of the likely damage to such 
structures. 
The analysis presented in this thesis does not take into account the 
possibility of geosynthetic creep occurring in the long term, and 
increasing the deflection of the geosynthetic reinforcement and 
potentially also increasing the ground surface deformations, 
depending on the stability of any soil arch that might have formed in 
the fill material. Creep may be accounted for in the design by using a 
long-term tensile modulus J for the geosynthetic reinforcement. 
However Bridle et al (1994) found that the amount of geosynthetic 
creep that occurred in a reinforced fill layer above a void was 
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significantly less than that anticipated from in-air tensile tests on the 
same material. This effect is attributed to the interlock of the fill 
particles into the geogrid, and with each other, which prevents further 
deflection of the geosynthetIc. This seems very plausible and worthy 
of further investigation, as it may reduce the degree of conservatism 
in the design that is currently necessary to account for long-terin 
effects, which may be less onerous than currently supposed. 
This thesis is therefore not conclusive, but due to its broad scope it may be 
considered to provide a basis from which other research projects may 
progress. 
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Appendix A 
Material Testing 
Before the results of the model testing described in Section 4.2 can be replicated 
analytically, it is necessary to determine parameters for the materials used. Tests 
have been undertaken to derive parameters for the fill material, the reinforcement 
(a continuous polythene sheet) and the fill/reinforcement interface. These tests 
and their results are described in this appendix. 
Al Fill material testing 
The fill material in these tests is a mixture of sand and gravel. A grading curve 
and the maximum and minimum densities of the fill have been determined, so 
that the relative density of the material can be assessed for other tests. In the 
numerical analysis it will be modelled as a Mohr-Coulomb material. It has no 
cohesion, therefore it is only necessary to determine the angle of internal 
shearing resistance 0'. This is achieved by direct shear testing. 
AU Particle size distribution of the fill material 
The particle size distribution of the fill has been determined in accordance with 
the British Standard BS1377-2: 1990, using the wet sieving method. The results 
are shown in Figure Al. The material is seen to be predominantly comprised of 
fine gravel, with some medium-coarse sand. 
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A1.2 Nflnimum density of the fill material 
The minimum density of the fill material is found according to the procedure 
given in BS1377-4: 1990 for determining the minimum density of gravelly soils. 
This involves raining the sand from a height of approximately 1.5m into a 
compaction mould of known volume and weight. The weight of the full mould 
can then be used to determine the mass of fill it contains, and therefore the 
density. This process is repeated a number of times and the minimum calculated 
density is found. In this case, the minimum unit weight, of the fill material is 
found to be 15.5kN/m 3. 
A1.3 Maximum density of the fill material 
Again, the maximum density of the fill material is determined in accordance with 
the procedure given in BS1377-4: 1990 for finding the maximum density of 
gravelly soils. The fill is compacted in three layers, under water, into a mould of 
known volume and weight using a vibrating electric hammer. The weight of the 
full mould is then used to calculate the mass of fill inside the mould and 
therefore the density of the compacted fill sample. This process is performed 
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twice and as long as the difference in the mass of the fill contained inside the 
mould is less than 150g, the maximum of the two values calculated is then taken 
as the maximum density of the fill. If the difference is greater than this the full 
procedure must be repeated. The maximum unit weight, of the fill material 
used in these tests is found to be 18.4kN/m 3. 
A1.4 Direct shear testing of fill material 
The angle of internal shearing resistance of the fill material is determined from 
shearbox testing on both loose and dense samples, which has been performed in 
accordance with BS1377-7: 1990. Owing to the size of the particles within the 
fill, which includes some gravel, the testing has been performed in the larger 
100mm shearbox. The laraest particles, those over 5.6mm in diameter, have been 
removed from the fill material in order to achieve an appropriate range of particle 
sizes for shearbox testing. BS1377-7: 1991 recommends that the maximum 
particle size should not exceed one tenth of the sample height, however changing 
the composition of the material may change its properties and it is preferable to 
remove as few particles as possible. Because of the large proportion of fines in 
this material, this arrangement is deemed to be an appropriate compromise. 
Because the vertical stress in the model tests is low, a relatively low vertical 
stress is applied in these tests. Although the exact value changes through the test 
as the area of the shear surface changes, for all of the tests a total vertical stress 
of approximately 100kPa has been applied. These tests are on dry samples, and 
therefore the shearing rate may be fast. A rate of 0.4mm/mIn has been used in 
these tests. Throughout the tests the values of the horizontal displacement, 
vertical displacement of the top cap, and shearing force (measured using a 
proving ring) are recorded. These are used to calculate the shear stress 7- and 
vertical stress a', throughout the test, which can be used to calculate the angle of 
shearing resistance 0' using equation (Al). 
tan O'= 
7-max 
07 
V(T max) 
304 
Three tests have been performed on loose samples, and three on denser samples. 
The relative density of each sample is given by its density index ID, which Is 
defined in equation (A2). 
7max - 7min 
(A2) 
The density index of each sample and the results are summarised in Table Al. 
The variation in shear stress as the shearing progresses is shown in Figure A2 for 
all six tests. 
Test ID 
ULI 36.1 36.0 
UL2 27.7 33.4 
UL3 36.6 35.9 
UDI 85.6 45.6 
UD2 78.3 46.7- 
UD3 83.0 49.3 
Table A I: Density index 
and calculated angle of 
shearing resistance 
from direct shear tests 
on fill material 
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Figure A2: Development of shear stresses as 
shearing progresses in fill material 
As a consequence of these results, the angle of shearing resistance in the fill 
material is taken to be 35' for loosely placed or uncompacted fill, and 450 when 
the fill is well compacted. 
A2 Geosynthetic reinforcement material testing 
As noted in Section 4.2, a continuous polythene sheet is used for reinforcement 
purposes in the model tests. For the purpose of modelling the reinforcement as a 
membrane in ICFEP it is necessary to know the tensile stiffness J of the 
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reinforcement, and its ultimate tensile strength T,, Ij. The tensile properties of this 
material have been determined by clamping a sample in a loading frame, and 
measuring the forces acting in the sample and its extension as it is stretched until 
rupture. A sketch of the test set up is shown in Figure A3. A discussion of this 
testing technique is included in Appendix B. 
In these tests the distance 
Load 
cell between the clamps is 
approximately 250mm, and 
the samples are 100mm 
wide. The clamping 
mechanism for these tests 
Initial 
half- Sample involved folding the ends of 
sample 
End bars 
the sample around the bar at length 
the base several times, and 
then using vice grips to hold 
the bar against a rigid block, 
Base plate thereby keeping the sample 
Figure A3: Sketch o test set upfor tensile 
in place during the test. This 
!f 
loading tests on polythene sheet worked well and caused 
minimal damage to the 
sample being tested. The sample was simply hung over the top bar, creating a 
loop of material to be tested, as shown in Figure A3. Because of this 
arrangement, the initial length of the sample is twice the initial distance between 
the clamps. The attachment at the top of the sample was held stationary 
throughout the test, and the base plate was lowered at a controlled rate of 
approximately 0.5mm/s. The load cell and the LVDT transducer are used to 
record the forces acting in the sample and its elongation at 10 second intervals 
throughout the tests. 
If the sample ruptures, the load acting in the sample immediately prior to rupture 
is the ultimate tensile strength Tj, of the material. Using the initial sample length, 
measured before the start of the test, it is possible to use the data collected 
throughout the test to plot a load-strain curve for the sample, from which the 
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tensile modulus J can be 
140 
found. Figure A4 shows 120 
;------ 
the load strain curves 
TrI 
obtained in four tests on 100 - ------ r ------ r---- 
the polythene sheet. The ID 80 ------------------ 
E 
results are very consistent. 
L ----- During test 2 the 
011 
------------------- 
it, 
clamping system at the 40 - __11 ------ Ir ------ 
base of sample failed at a T.. t 1 
20 -----I---I---I- )(---->(--X Test 2ýý load of approximately Test 3 
Test 4 11 
I ION, and this test was 0- -T-1 _F_T-_Tý FFTT-T IIIIIII1 -1 
discontinued. Although 0 10 20 30 40 50 Strain in polythene sheet (%) 
the material did not Figure A4: Measured load-strain behaviour of 
rupture in any of these polythene sheet material subjected to tensile 
tests, significant strains extension 
develop when the load approaches 120N, without any further increase in load. 
This can be considered to be the failure of the sample -a value of I ION is 
therefore adopted for T,,,,. At a load of I ION, the strain in the polythene sheet is 
10%. Therefore the secant stiffness is 1.1 kN/m, or II kN/m/m because the initial 
sample width is 100mm. This is a conservative value since the samples were seen 
to neck during the tests, i. e. to reduce in width at the mid-height of the sample as 
the vertical strain increased. 
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Appendix B 
Discussion of geosynthetic load testing 
The British Standard BS6906-1: 1991 which covers this form of testing on 
geotextiles is currently superceded/withdrawn. ASTM D4885-88 also covers this 
form of testing, and the procedure described here broadly follows the 
recommendations made in the ASTM guidance, with the exception of the sample 
dimensions. ASTM D4885-88 recommends the use of a shorter, wider sample. 
In addition to the series of tests described above, a suite of tensile tests on 
geogrid materials has also been performed. This is because geogrid materials are 
the most likely to be used in practice in the field, and it is important to 
understand any differences in behaviour between these materials and the 
polythene sheet used in the model tests. These tests used the geogrid Netlon 7005 
and Netlon 7017, and investigated the effects of using samples of different 
dimensions, using different strain rates, and the differences between stress- 
controlled and strain-controlled tests were also investigated. 
These tests differed from those on the polythene sheet only in that the clamping 
system was different. In these tests 20mm at each end of the sample was sunk 
into a pool of resin in a hollow rigid bar attached to the loading frame. Also, 
because of the apertures in the grid, it was possible to attach small LVDT 
transducers directly to the sample using O-rings, with the intention of verifying 
the results from the larger transducer monitoring the movement of the base plate 
of the loading frame. Tests were performed on single ribs cut from the geogrid, 
and on larger samples consisting of many ribs in the usual grid formation. 
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It was found that when the geogrid 
begins to yield, the yield of one rib 
causes the yield of all those in the 
same row, causing the grid to 
experience severe local strains. This 
phenomenon can be seen in the 
photograph shown in Figure Bl. It 
can be seen that in this case the 
smaller transducers attached directly 
to the sample will not detect this 
strain since they are situated above 
the affected portion of the geogrid. 
This behaviour has implications for 
the use of these materials in the field, 
since any deformation may occur over 
a single row of ribs, causing high 
local strain even if the overall strain remains low. This is true where the loading 
regime is uniaxial - it is not known if similar behaviour is exhibited if biaxial 
loading is applied. However it was generally found that no rupture occurred until 
several rows of ribs had stretched in this manner. 
The results of these tests indicated some degree of variability - generally of the 
order of 10% difference in the peak loads measured in comparable tests. No clear 
trend is seen when the strain rate is varied, so this is not thought to have a 
significant influence on the results. Those tests which were stress-controlled (i. e. 
the tension level is increased in a controlled manner, and the corresponding 
displacements are monitored) produced slightly higher peak strengths than the 
strain-controlled tests, but the stiffness did not appear to be affected by the mode 
of testing. It is important to establish that the results are similar regardless of the 
mode of testing, since the model tests, to which these results will be applied, is a 
stress-controlled scenario. 
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Figure BI: Photograph ofgeogrid 
sample during tensile load test 
showin-a severe localised strain 
The tests on single ribs and grid samples demonstrate that changing the width of 
the sample has little effect on reducing the variability of the results. The tests 
where longer samples have been used do show that this factor has an influence 
on the results. The peak 580 ------------------------ 
strengths found from a 
series of strain- 
controlled tests on 560 r------r------ 
Netlon 7005 samples of 
different lengths, but 
540 ------L-----L 
identical widths, are cc 
shown in Figure B2. It CO 0 0- -IIIII 
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------ 
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IF 
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a marked reduction in 
peak strength as the 
initial length of the 
sample increases. This 
effect appears to reduce 
for samples over 200mm 
long at the start of the 
test. 
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Figure B2: Variation in peak tensile strength of 
samples due to changing the initial length of the 
sample 
It is desirable to keep the sample as short as possible so as to maximise the 
distance available in the loading frame for the sample extension during the test. 
As a result of the exercise described above it was concluded that samples should 
be over 200mm long, which is why the polythene tests used samples with an 
initial length of 250mm. The finding that the width of the sample is not 
significant justifies the use of a sample of I 00mm width in the polythene tests, 
even if this does not comply fully with the recommendations of ASTM D4885- 
88. 
The load-strain curves resulting from the tensile tests performed on Netlon 7005 
and 7017 are shown in Figures B3 and B4. From these results it is concluded that 
the behaviour of a geosynthetic may be reasonably well represented by an elasto- 
plastic constitutive model with the loads increasing linearly with increasing strain 
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capacity TI, of the 
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geosynthetic is reached. 
The ratio of Tle over this 400 
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tensile modulus J of the 
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Figure B3: Measured load-strain behaviour of 
Nedon 7005 subjected to tensile extension 
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Figure B4: Measured load-strain behaviour of 
Nedon 7017 subjected to tensile extension 
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Appendix C 
Geosynthetic strain and deformation 
An important component of this study is the assessment of strain and 
deformation that develop in the geosynthetic as it deforms under the weight of 
the overlying fill when a void forms beneath the geosynthetic. The existing 
design guidance considers two different possible shapes for the deflected 
geosynthetic - the British Standard BS8006: 1995 and the RAFAEL design 
method (Blivet et al, 2002) both assume that the deformed geosynthetic follows a 
parabolic curve. Giroud's design method considers the deformed shape to be a 
circular arc. The way in which the strain in the geosynthetic is derived in both of 
these cases is considered separately in the following sections of this appendix. 
C1 Parabolic deformations 
The derivation of the strain in a parabolic cable is given by Steinman (1957). 
Consider the parabola shown in Figure C I, which illustrates the defon-ned shape 
of the geosynthetic when it 
follows a parabola. Suppose that 
x and y axes are defined as 
shown in Figure C I. The width 
of the void is D and the 
maximum vertical deflection is 
a (to avoid confusion with 
differential operators in the 
following calculations, this 
quantity cannot be called d here 
as it is elsewhere in this thesis). 
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Figure CI: Sketch of deformed membrane 
when itfollows a parabola, defining 
parameters and co-ordinate system 
The equation of this parabola is: 
4ctx 2 
(C 1) 
--- ýT-a 
Therefore: 
dy 8ax (C2) 
dx D2 
The general expression for the length of a curve L is given by: 
I (C3) 
D [I+ (d 2]ý 
L =2ý2 'y d)c 
x d)I 
Substituting from (C2) into (0) yields: 
I (C4) D[I 
+ 
64a 2X2 
]2d 
L=2fýx 
Which, using a binomial expansion, may also be written as: 
L=2 
D[I 
+32 a 
2X2 
-512 
a4X4+... (C5) 
D4D8 
ýX 
This may be integrated to give: 
L=D 1+ 
8a' 
- 
32a 4+ (C6) 
3D 2 5D 4 
If the ratio alD is sufficiently small, then this expression can be truncated and 
becomes: 
L=D 1+ 
8a 2 (C7) 
3D 2) 
If LO is the initial length of the undeformed sample then the strain c in the 
geosynthetic is given by: 
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L -Lo 
Lo 
(C8) 
The initial length LO of the geosynthetic above the void is equal to the void width 
D. Therefore by substituting this value, and (C7) into (C8) it is found that: 
8a 2 
3D 2 
(cg) 
C2 Circular deformations 
If the deformed geosynthetic takes the shape of a circular are, then its geometry 
is as shown in Figure C2. Suppose that x and y axes are defined in the mariner 
illustrated in Figure C2. Prior to deforming, the geosynthetic lies along the x axis. 
When it deforrns it follows the arc of a circle with radius r and centre at (0, r-d), 
as shown. In this case, dlD<0.5. 
The length L of the circular arc followed by the geosynthetic is given by: 
L =rO (CIO) 
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Figure C2: Sketch of deformed membrane when it 
follows a circular arc when dID: 50.5, defining 
parameters and co-ordinate system 
In order to find r, Pythagoras' theory may be applied to the triangle OAB: 
r2= (r - d)2+ýD) 
2 (Cl 1) 
2 
Equation (C 11) may be solved to give: 
dD2 (C12) 
r=-+- 2 8d 
This can be rewritten as: 
r=DQ 
Where: 
(C 13) 
Q= 
1(2d+ D) (C14) 
4D 2d 
In order to find 0, trigonometry is applied to the triangle OAB: 
sin(O) -D 
(C 15) 
2 2r 
Substituting from (C 13) into (C 15) yields: 
sin 
0) (C 6) (2 
2Q 
By substituting from (C 13) and (C 16), equation (C 10) may now be rewritten as: 
L= 2Df2 sin-' 
(C 17) (2Q 
As in the previous case, the strain is calculated according to equation (C8), and 
the initial length LO of the geosynthetic is D. Substituting this value and (C17) 
into (C8) gives: 
c=2f2sirl'( 
, )-I (C 18) 
20 
If dlD>0.5, then the geometry becomes that shown in Figure C3. 
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The value of r is obtained as previously, and is given by (C 13) still. 
The value of 02 is observed to be: 
02 = IT -0 (C 19) 
Substituting from (C 16) into (C 19) gives: 
02 
= 2z- 2 sin-' 
I) (C20) (20 
Substituting from (C20) into (C 10) gives: 
L= 2DO 1-r - sin -1 
(I )) (C2 1) 
2Q 
Remembering that LO=D, and substituting this and (C21) into (C8) yields the 
strain: 
c=2Q ; T-sin-' 
))-I (C22) (2Q 
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Figure C3: Sketch of deformed membrane when it 
follows a circular arc when dlDý! 0.5, defining 
parameters and co-ordinate system 
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